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1. INTRODUCTION 


As is well known, the commonly occurring feldspars have a chemical 
composition which may be represented as a mixture of three components, 
namely the potash, soda and lime feldspars. The first two components 
resemble each other chemically but have different crystal forms, while the 
second and third components are isomorphous though their chemical formule 
are dissimilar. The question arises whether the feldspars formed by such 
admixture are in all cases truly homogeneous crystals. Optical studies may 
well be expected to throw some light on this issue. In a recent paper in 
these Proceedings,‘ it has been shown that the iridescence exhibited by 
labradorite results from the segregation of the potash feldspar present in the 
mineral from the isomorphous mixture of the soda and lime feldspars which 
are its principal constituents. Tiny crystals of orthoclase are formed as the 
result of such segregation, but they remain dispersed in the albite-anorthite 
phase and diffuse the light traversing the crystal, causing it to display colours 
which vary with the dimensions of the crystallites and their setting with 
respect to the incident light-beam. 


The present paper is concerned with another group of feldspars which 
give evidence of optical heterogeneity, namely the moonstones. The 
published analyses show that the potash and soda feldspars are their principal 
constituents, the former being usually the major and the latter the minor 
component; a small percentage of lime feldspar is also present. The moon- 
stones enjoy a certain amount of favour as gems by reason of a characteristic 
optical effect which they display and which is generally known as “ schiller ”’. 
The investigation described in the paper was undertaken to ascertain the 
nature and origin of this effect. Though there is an extensive literature on 
moonstones to which both mineralogists and X-ray workers have contri- 
buted, the optical phenomena exhibited by them appear to have received 
comparatively little attention. The need for studying them is obvious. 
For, any explanation of the schiller effect which is not based on, or con- 
firmed by, the results of such study must necessarily be regarded as dubious. 
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2. MATERIALS AND METHODS 


Following the visit by one of us to Ceylon in September 1946, some 
forty specimens of moonstone in the rough were received as a gift from the 
owner of the formation near Ambalangoda in that island where they were 
formerly mined. A few cut specimens also accompanied them, of which 
one was a particularly fine gem exhibiting a blue schiller. The material 
thus made available to us has been utilized in the present investigation. To 
supplement the same, some thirty specimens of cut and polished moon- 
stones were purchased from a dealer in Calcutta and added to our collection. 
It is understood that they were from the same original source at Ambalan- 
goda. The uncut specimens have been useful, since the cleavages charac- 
teristic of feldspar which they occasionally exhibit, enable the crystallographic 
orientation of the specimens to be determined, a very necessary step in the 
investigations. On the other hand, the rough surfaces which the uncut 
specimens generally possess and the internal imperfections manifest in some 
of them are a serious inconvenience. The polished gem stones are much 
better in this respect, having evidently been prepared from selected material 
after removal of the defective portions. By immersing the specimens under 
study in a cell containing liquid benzene which has nearly the same refractive 
index as the mineral, the disturbing effects due to reflection, refraction and 
scattering of light at its external surfaces are minimized. The phenomena 
having their origin in the interior of the specimen and arising from the 
passage of light through it can then be conveniently studied. Suitable 
methods have also had to be improvised for holding the specimen inside 
the liquid and altering its setting with respect to the direction of the incidence 
of light as required, and also for determining the orientation of the crystal 
in such setting. 


A comparison of the numerous specimens in our collection throws into 
relief the striking differences in their individual behaviour. A few pieces 
exhibit a deep blue but comparatively weak schiller. Others show a 
blue schiller of decidedly greater intensity. The rest show a schiller which 
in the different specimens passes by insensible gradations from a blue to 
bluish white and then to a perfect white; the intensity increases pari-passu 
and in some cases is very great. It is remarkable and obviously significant 
that specimens from the same locality should show: such large differences 
in their optical characters. 


3. NATURE OF THE SCHILLER EFFECT 


It is a characteristic feature of the schilicr of moonstones that the 
phenomenon is best seen at a particular setting of the crystal determined 
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by the direction in which the light is incident on it and the direction in which 
it is observed. When either the setting of the crystal or the direction of 
incidence of the light is altered, the direction in which the schiller is most 
conspicuous also shifts. The idea generally current that the schiller owes 
its origin to a lamellar structure of the feldspar in which layers of ortho- 
clase and albite alternate is based on the fact of observation just mentioned. 
For, such a structure would reflect light traversing the crystal in a direction 
varying with its angle of incidence on the planes of the lamelle. Indeed, 
measurements have been published? which claim to find the orientation of 
the postulated “ schiller-planes ” within the crystal in this way. It has even 
been claimed by one author® that examination of cleavage flakes of moon- 
stone under low powers of the microscope when illuminated by light from 
a point source succeeds in revealing indications of a microperthitic or 
lamellar structure. Actually, however, the microscope does not reveal any 
noticeable structure in the typical and most interesting cases, namely the 
moonstones which exhibit a blue schiller. It should be remarked, further, 
that the coarse structure of which indications are observed under low powers 
of the microscope in certain other cases is prima-facie incapable of giving 
tise to the optical phenomena under consideration. As already remarked, 
an explanation of the origin of the schiller to be acceptable should be based 
on the results of a detailed study of the phenomenon itself. It was with this 
idea that the present investigation was undertaken and it has revealed 
many new facts of interest. These will be set out in the proper places, but 
we shall proceed first to state those of which the significance in relation to 
the origin of the schiller is most obvious. 


The effects observed with moonstones exhibiting a blue schiller are of 
particular interest, not only because they are the finest gems, but also by 
reason of the unambiguous manner in which a study of them reveals the 
real nature of the phenomena under consideration. As with all the moon- 
stones studied, observations show that the schiller has a maximum intensity 
when viewed in a particular direction, which is related to the direction of 
incidence of the light in such manner that the two directions—at least 
roughly—make equal angles with and lie in the same plane as a particular 
direction within the crystal which we may designate as the schiller-axis. But 
the schiller can by no means be described as a reflection of light by a plane 
or planes within the crystal normal to the schiller-axis. Actually, it has 
the character of a diffusion of light spread out over a wide range of angles. 
This is directly evident when the light beam traversing the specimen is of 
sufficient intensity, as the crystal then becomes itself visible in various direc- 
tions by reason of the light diffused in its interior. For instance, if the 
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specimen is set so that the light is incident along the schiller-axis, the schiller 
is of maximum intensity in the direction backwards towards the source, 
But it has a notable intensity in various adjoining directions, and it can be 
seen also in the opposite or forward directions, though more faintly. View- 
ing the schiller in any particular direction and rotating the crystal about a 
chosen axis, it is found that the intensity falls off quite slowly on either side 
of the setting at which it is a maximum. The permissible rotation of the 
specimen before the schiller ceases to be visible naturally depends on the 
intensity of illumination and the circumstances of observation. But even 
with a weak illumination, the angular range is so large that the phenomenon 
can only be described as a diffusion of light within the crystal. The spectral 
character of the blue schiller exhibited by the finest moonstones is equally 
revealing. It is a much richer blue than the blue of the first order in the 
Newtonian sequence: in other words, it does not permit of being explained 
as an interference colour due to reflection of light by thin films. On the 
other hand, it matches more or less perfectly with the deep blue colour 
exhibited in the diffusion of light by particles which are small in size com- 
pared with the wave-length of light. As is well known, this blue is due to 
the predominance of intensity of the shorter wave-lengths in inverse propor- 
tion to their fourth power. Spectroscopic study of the blue schiller of moon- 
stones reveals the same predominance of the shorter wave-lengths and thus 
compels us to assume a physical origin for it of the same general nature. 


On a superficial examination, the bluish-white or white schiller exhibited 
by the majority of moonstones may be mistaken for a reflection of light 
within the crystal, the direction in which it is most conspicuous altering 
with the setting of the crystal in a manner suggesting such an explanation. 
A careful study, however, reveals various features which are inconsistent 
with such a description. What is-actually observed is that the concentra- 
tion of intensity around a particular direction which is observed even with 
the specimens exhibiting a blue schiller becomes more accentuated in these 
cases. This is accompanied by an increase in absolute intensity and a 
change in spectral character towards a pure white. Nevertheless, the angular 
spread of the illumination which simulates a reflection in this manner is 
readily observable and extends over several degrees of arc. Further, it is 
accompanied by a diffusion of light which covers a still greater range of 
angles and the spectral character of which approaches more nearly that of 
the blue schiller. Even the specimens which normally exhibit a perfect 
white schiller exhibit diffusion of a sky-blue colour when the light enters the 
crystal along the schiller-axis and the diffusion is viewed perpendicular to 
it, or vice-versa. 
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It is evident from the foregoing recital of facts that despite the apparent 
large differences in optical behaviour of the individual specimens, the 
phenomena they exhibit are essentially all of the same general nature. We 
may summarise the factual position by the following statements :— 


I. The schiller of moonstones is a phenomenon arising from the diffusion 
of light within the crystal. 


Il. The diffusion exhibits optical characters analogous to those observed 
in the scattering of light by small particles. 


Ill. The observed facts give no support to the hypothesis of a micro- 
perthitic or lamellar structure as the cause of the schiller. 


4. ORIGIN OF THE DIFFUSION 


It is obvious from what has already been stated that the schiller of 
moonstones is the result of optical heterogeneity in the feldspar. The most 
natural assumption to make in the circumstances of the case is that the 
heterogeneity is associated with the known chemical composition of the 
mineral. Its two principal constituents, namely, the potash and soda feld- 
spars, are similar in their chemical composition, and hence might reasonably 
be assumed to be capable of mixing with each other in all propcrtions and 
forming a homogeneous crystal. Against this, however, must be set the fact 
that the two components normally crystallise in different forms, potash 
feldspar or orthoclase as a monoclinic crystal, and soda feldspar or albite 
as a triclinic crystal. X-ray study shows that though there is a general 
resemblance between the crystal structures of orthoclase and albite, there are 
specific differences, the most significant, as indicated by Table I, being the differ- 
ences in the lattice spacing along the a-axis and in the angle a between the b- and 


TABLE | 


Lattice Constants 











[ i , i 
| | a b cf a 8 y 
ar wn. 
l l l l 
Orthoclase ..| 8-45 12-90 | 7-15 90° 116° 3° 90° 
| 8-14 12-86 | 717 | 94° 3’ | 116° 29° 88° 9 
| 


Albite 








the c-axes. It has been suggested that the factor which determines whether 
a feldspar crystallises with monoclinic or triclinic symmetry is the size of 
the ions which enter into the alumino-silicate frame-work of its structure. 
Since, however, the sodium and potassium ions are both monovalent and 
since the former are smaller in size, it should clearly be possible for the 








128 C. V. Raman and others 


former to replace the latter in the framework of the lattice. In other words, 
we have good reasons for believing that it should be possible for soda and 
potash feldspars to mix and form single crystals in the ordinary or the 
macroscopic sense of the term, even when the former component is present 
in substantial amounts, possibly even as much as one-half of the entire 
mineral in its molecular proportion. Two questions, however, arise in this 
connection. Firstly, in what manner are the sodium ions disposed within 
the lattice, viz., whether they randomly replace the potassium ions or whether 
they cluster together in groups, thereby causing the soda feldspar to segre- 
gate itself locally from the potash feldspar. Secondly, what changes, if any, 
are produced in the alumino-silicate framework by the replacement and in 
particular, whether there are any local alterations in crystal structure pro- 
duced by the clustering together of the sodium ions. We have also to con- 
sider the question of the part played by the third component, namely the 
lime feldspar, in these dispositions. 


The questions raised in the foregoing paragraph have an obvious bearing 
on our present problem. Theory indicates that the distribution of the two 
component feldspars within the crystal would profoundly influence its 
optical behaviour. Only in the particular case of a regular or orderly dis- 
position of the sodium and potassium ions would the crystal be truly homo- 
geneous in the optical sense. Even a random disposition of the ions would 
give rise to an observable diffusion of light. Much more striking, however, 
would be the consequence of a disposition of the sodium ions in groups or 
clusters, in other words, of a segregation of the soda feldspar in the form of 
tiny crystallites dispersed through the rest of the material. The local 
fluctuations in chemical composition which such clustering would represent 
and the fluctuations of refractive index consequent thereon would give rise 
to a strong diffusion of light, its intensity increasing in proportion to the 
number of such clusters, multiplied by the square of the volume of each 
cluster, provided that these are of sufficiently small dimensions and that they 
can be assumed to be randomly distributed in the available space. Granting 
that the diffusion of light observed in the moonstones arises in this way, 
we may remark on the analogy between it and the opalescence exhibited by 
a mixture of two partially miscible liquids, e.g., carbon disulphide and 
methyl alcohol at temperatures a little higher than that at which the two 
components begin to separate from each other. The blue colour of the 
opalescence of such a liquid mixture at the higher temperatures matches 
perfectly with the blue schiller of the finest moonstones. As the critical 
solution temperature of the liquid mixture is approached, there is an enormous 
increase in the intensity of the opalescence and also a distinct change in its 
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spectral character as the result of the formation of molecular clusters of 
rapidly increasing size, until finally a white cloud of visible droplets of liquid 
is released. There is thus an obvious parallelism between these phenomena 
and the progressive variations of the colour and intensity of the schiller 
noticed with different specimens in the group of moonstones. 


The comparison made above between the schiller of moonstones and 
the opalescence of liquid mixtures should not, however, lead us to assume 
that the phenomena are completely similar to each other in their origin and 
character. So far from this being the case, many important differences 
between them are to be expected. It may be remarked, in the first place, 
that in our present problem, the local fluctuations in the composition occupy 
fixed positions in the lattice and there is also no reason to suppose that these 
positions would be distributed completely at random. In consequence, 
there would be specifiable phase relations between the radiations diffused 
from different volume elements, and this would necessarily influence the 
observed distribution of intensity in different directions. There is also no 
reason for assuming that the clusters of sodium ions in the moonstone 
would be of spherical shape or that they would be randomly orientated. 
The known character of the alumino-silicate framework of the feldspars 
and the differences between the crystal structures of orthoclase and albite 
would lead us to the opposite conclusion, namely, that the soda feldspar 
when it segregates and forms crystallites would tend to do so in a fashion 
related to the structure of the crystal. The shape, size and the orientation of 
the crystallites thus formed would evidently determine the intensity and 
spectral character of the radiation diffused by them in various directions. 
Hence, a notable dependance of the observed phenomena on the setting 
of the moonstone with respect to the direction .in which the light is incident 
and also on the direction in which it is viewed may be expected. There is 
another and equally important group of differences between the present 
problem and that of the diffusion of light in liquid mixtures, namely. in the 
optical properties of the materials under consideration. The feldspars are 
birefringent crystals. Though their birefringence is small, we are concerned 
here with the differences in the optical polarisabilities of the medium arising 
from the local fluctuations in its composition, and these differences would 
be of the same order of magnitude as the birefringence of the feldspar. 
Hence, it cannot be supposed the effects under study would be of the same 
character for all directions of the electric vector in the light traversing the 
crystal. Special effects in respect of the intensity and state of polarisation 
of the diffused radiation are accordingly also to be expected. Altogether, 
it is obvious that the optical phenomena exhibited by moonstones would 
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present a richer and more complex manifold of effects than the diffusion 
of light in liquid mixtures. 


5. RELATIONSHIP OF THE SCHILLER TO CRYSTAL STRUCTURE 


Reference has already been made to the “ schiller-axis ’”’ in moonstones 
which has the property that if light traverses the crystal along that direc- 
tion, the observed schiller has the maximum intensity in the backward 
direction, viz., towards the light source. The observations made with our 
specimens seem to show that the schiller axis is not noticeably different in 
moonstones exhibiting a blue, a bluish-white or white schiller; it is normal 
to the b-axis of the crystal and inclined to the c-axis at 81°. In other words, 
a plate cut perpendicular to the 010 cleavages and having its faces slightly 
inclined to the 100 planes of the crystal and making an angle of 9° with them 
would show the schiller most conspicuously when illuminated and viewed 
normally. The question arises why the diffusion of light in moonstones 
exhibits the maximum intensity in these circumstances. Closely related 
to this effect is another phenomenon observed by us which does not appear 
to have been previously noticed, namely, that the diffusion of light in moon- 
stone is not symmetric about the schiller-axis but alters in intensity and 
character as the crystal is rotated about that axis, the directions of inicidence 
and observation remaining the same. So striking is this non-axiality of the 
diffusion that its results are evident on a simple inspection of the schiller, 
when a cut stone is held in the hand and viewed by the light from a window, 
provided the shape of the stone is not such as to obscure or complicate the 
situation. Figs. | and 2 in Plate XV illustrate the effect, the first being a 
moonstone with a blue schiller and the second one with a white schiller. 
Both the stones had been fashioned by the lapidary into a flattened sphe- 
roidal shape, the figure axis being practically coincident with the schiller- 
axis, so that when illuminated and viewed from the front, one would have 
expected the schiller to manifest itself symmetrically about that axis. 
Actually, however, we see an elliptical patch of light in both cases and when 
the crystal is rotated, the elliptic patch turns round with it. It was verified 
that the longer axis of the elliptic patch was in both cases parallel to the 
b-axis of the crystal; this, as already stated, is itself normal to the schiller- 
axis. The effects observed with the two specimens may be described thus: 
the schiller has a sensible intensity over a wider range of angles in the plane 
containing both the b-axis and the schiller-axis than in a plane containing 
the schiller-axis and perpendicular to the b-axis. The same effect shows itself 
in a peculiar way in Fig. 3 in Plate XV which represents a moonstone which 
had been shaped by the lapidary into an elongated ellipsoid, Its b-axis 
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was inclined to the longer axis of the ellipsoid. As a consequence, the 
schiller appears bent into a curve having a point of inflection at the middle. 


In all the three cases described above, it is the refraction at the curved 
surfaces fashioned by the lapidary that enables us to observe the diffusion 
of light in different directions simultaneously. The same effect may be 
studied in a more precise fashion by immersing the specimen in benzene 
liquid and by a rotation about a chosen axis finding how slowly (or how 
rapidly) the intensity of the diffused light falls off. In every case, it is noticed 
that the fall of intensity is very rapid if the crystal is rotated about its b-axis, 
but relatively much slower if it is rotated, for instance, about the c-axis of 
the crystal. 


The explanation of the effects described above, as well as of those already 
set out in Section 3, is evidently to be found in a consideration of the size, 
shape and disposition of the crystallites of soda feldspar resulting from its 
segregation, since they determine the distribution of intensity of the light 
diffused in various directions. We proceed to consider the nature of such 
segregation in its relation to the structure of the crystal as a whole. We 
shall take it for granted that when the soda feldspar segregates, it would tend 
to maintain the crystal symmetry as well as the orientation of the crystal 
axes exhibited by the parent mass and thereby to minimise the disturbance 
to the crystalline order produced by the segregation. Such a result could 
evidently be obtained in a number of ways. The simplest would be for the 
soda feldspar to assume monoclinic symmetry with its axes parallel to those 
of the parent mass. As can be seen from Table I, this would involve only 
relatively small changes of the angles between the crystal axes from those of 
a triclinic form. An alternative would be for the soda feldspar, while re- 
taining a triclinic structure, to mimic monoclinic symmetry by internal 
twinning of the pericline type in which the direction of the b-axis remains 
unaltered. In this way, the mean directions of the a- and the c-axes for the 
twin would be nearly the same as for the axes of the entire crystal. It is 
evident, however, that the latter result would be more perfectly attained, 
if simultaneously there is a change in the axial angles so that they approxi- 
mate more closely to the values required for monoclinic symmetry. Which 
particular procedure is favoured would evidently be determined by the 
circumstances and especially by the proportion of soda feldspar present. 
It is not unlikely also that the lime feldspar present may influence the choice 
between these different alternatives. 


It is evident, however, that while there is thus a variety of possibilities 
for the structure of the segregated soda feldspar, a change in the lattice 
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spacing a must necessarily occur in every case. This is a consequence of 
the smaller size of the sodium ion, and it is this difference which would 
determine the form which the crystallites would take. For, in the grouping 
of the cells containing the sodium ions which results from their coming 
together, an extension of the groups along the a-axis of the lattice would 
not be favoured. The formation of such a chain would disturb or disrupt 
all the chains of the alumino-silicate frame-work containing potassium ions 
along the a-axis with which it is linked. Per contra, a formation would be 
favoured in which the cells containing the sodium ions link themselves to 
others of the same kind along the b-axis or along the c-axis or more generally 
in the 100 planes of the crystal. The lattice spacing parallel to the b-axis 
differs from that parallel to the c-axis, being nearly double of it, and hence 
there is no reason to anticipate that a grouping of the cells containing the 
sodium ions along the b-axis and along the c-axis would be favoured to an 
equal extent. As the c-spacing is smaller, we may reasonably assume that 
the latter would be the more favoured arrangement. We are thus led to 
anticipate that the crystallites of the soda feldspar segregating from the 
potash feldspar would tend to extend themselves principally along the 100 
planes of the crystal, and that in this plane an extension along the c-axis 
would be favoured more than one along the b-axis. 


Optical theory indicates that as the extension of a diffracting particle 
or group of particles increases in a particular direction or directions, the 
intensity of the diffracted radiations would tend to concentrate along per- 
pendicular directions. It follows, as a consequence of what has been stated 
above, that the moonstones would exhibit a schiller-axis perpendicular to 
the 100 planes of the crystal, in other words, normal to both the b- and 
c-axes of the crystal. Further, the diffusion of light would not exhibit a 
symmetry about the schiller-axis but would extend to larger angles in a 
plane containing the b-axis than in a plane perpendicular to it. It would 
probably not be a useful proceeding to discuss why the schiller-axis as 
actually observed is inclined at an angle of 81° to the c-axis of the crystal, 
instead of being perpendicular to it as deduced above. The considerations 
on which our argument is based are probably not deep enough to explain 
this small discrepancy between theory and observation. It is gratifying, 
however, to be able to record a direct observational proof of the explanation 
given above for the fact that the diffusion of light is not symmetric about 
the schiller-axis. Examination of several of our specimens discloses that 
the schiller exhibits distinct evidence of a fibrous structure running parallel 
to the c-axis of the crystal. A photograph showing this is reproduced in 
Fig. 4, Plate XV, 
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6. INTENSITY AND POLARISATION OF THE SCHILLER 


Since the diffusion of light in its passage through the crystal is a conse- 
quence of the local variations in its refractive indices resulting from the 
changes of composition, its intensity would depend on the magnitude of 
these variations. The principal indices of albite are all greater than those 
of orthoclase, and the published data* show that the indices of moonstone 
are intermediate between them, and increase with the proportion of soda 
feldspar present. They are, however, in all cases, nearer the values for 
orthoclase than those for albite. Table If shows the compositions of 
orthoclase, of a typical moonstone from Ceylon, and of albite, and their 
respective refractive indices, as well as the differences between them. If 
we assume that the local variations in composition result in its approaching 
those of orthoclase and of albite respectively, the refractive indices would 
increase or decrease by the amounts shown in the table as differences. 


TABLE II 


Composition and Refractive Indices 





























Mineral | K,0% Na,0% CaO% Mg bm | Mp 
ae ae | 0-1 1.5245 | 1+5228 1-5192 
| ia, | | diff. | 0-087 | 09-0029 0-0024 
Moonstone fs 0 | 38 | On 1.5282 | 1-5257 1-5216 
x "diff. 0-0110 | 0-0071 0-0076 
m8  .| ow | M4 | 0-8 1+5392 | 1+5328 1-5292 














The maximum index , of orthoclase determines its optical polarisability 
in a direction parallel to the b-axis of the crystal, while the minimum index 
Hy gives it for a direction nearly parallel to the a-axis, and the mean index 
4 corresponds to a direction in the 010 planes of the crystal nearly per- 
pendicular to the a-axis, and therefore moderately inclined to the c-axis. 
In the case of moonstone, the foregoing statements would still be valid, but 
in the case of albite which is a triclinic crystal, they would require modifica- 
tion. It is evident, however, from the figures given in the table that the 
variations of the maximum refractive index », of moonstone, in other words 
of the optical polarisability along the b-axis, resulting from the changes in 
composition, would be substantially larger than the changes in opticay 
polarisability along the two other principal directions which, as stated above, 
are nearly parallel and perpendicular to the a-axis, respectively. The changes 





134 C. V. Raman and others 


in optical polarisability in these two other directions resulting from varia- 
tions of composition would, however, be of the same order of magnitude, 
The diffusion of light resulting from the variations in refrative index has 
an intensity proportional to the square of such variations. Theoretical 
considerations thus lead us to the very interesting result, that the schiller of 
moonstones should exhibit an easily observable dependance of intensity on 
the state of polarisation of the light incident on it, being greater when the 
electric vector is parallel to the b-axis of the crystal and less when it is per- 
pendicular to that axis. When the incident light is unpolarised, the same 
effects would manifest themselves in a different way, the state of polarisation 


of the diffused light being largely determined by the component parallel to 
the b-axis. 


As is well known, the light diffused in an optically isotropic medium 
exhibiting local variations of refractive index and traversed by an un- 
polarised beam of light would be plane-polarised in a transverse direction. 
Since the schiiler of moonstones is also a diffusion of light of the same general 
nature, we should expect it to manifest similar polarisation effects. In 
observing and interpreting them, it has to be borne in mind that the crystal 
is itself birefringent. Hence, the radiation diffused in its interior and 
traversing it before emergence would undergo changes in its state of polarisa- 
tion which have to be taken into consideration. This is easier when the 
setting of the crystal with respect to the direction of incidence of the light 
and the plane in which the diffused radiations are observed are appropriately 
chosen. As has already been remarked, the state of polarisation of the 
light diffused within the crystal would be influenced by the direction of the 
electric vector with respect to the b-axis of the crystal. In other words, it 
would exhibit a dependance on the setting of the crystal very conspicuously. 
There is still another point which requires to be noted; not merely the 
principal refractive indices but also the directions of electric vibration which 
they refer to are different in orthoclase and in albite. It is therefore not to 
be expected that the diffused radiations would, in general, be perfectly 
polarised in a transverse direction as in the case of optically isotropic 
fluctuations of refractive index, even when the setting of the crystal has been 
appropriately chosen. Finally, we have to remember that the extension in 
space of the volume elements within the crystal diffusing the light is by no 
means always negligibly small. In the case of the moonstones exhibiting 
a white schiller with a large intensity, the diffusing elements are undoubtedly 
of appreciable size. The state of polarisation of the light diffused by such 
elements would necessarily be influenced by this fact, 
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7. COMPARISON WITH THE CASE OF LABRADORITE 


The figures given in Table II enable us to appreciate the reason for the 
observed differences in the optical behaviour of moonstone and of labra- 
dorite. The differences in the refractive indices of the mixture of albite and 
anorthite which principally constitute labradorite and the refractive indices 
of the orthoclase crystallites which segregate from them are greater than the 
average of the fluctuations in refractive indices in the case of moonstone 
by a numerical factor of about 7. The intensity of the light diffused by 
volume elements of equal size would be therefore some fifty times greater 
for labradorite than in moonstone. The brilliancy of the effects exhibited 
by labradorite despite the fact that the orthoclase which segregates in it is 
relatively small in quantity is thus readily understood. The circumstances 
in labradorite are clearly also favourable for the segregated crystallites to 
appear throughout the mass with a tolerable uniformity of size, a condition 
necessary for the manifestation of vivid colour in the later stages of segre- 
gation. On the other hand, in the case of the moonstone, the materials under 
consideration, viz., the soda and potash feldspars, are present in comparable 
quantities and are more or less freely miscible with each other. In these 
circumstances, we may expect the segregated crystallites to vary widely in 
their sizes. Thus, except in the earliest stages when all the crystallites are 
small and therefore give a diffusion of a blue colour, a manifestation of vivid 
colour is not to be expected in the case of moonstones. There is still another 
striking difference between the two cases which is indicated by theory and 
confirmed by observation. The intensity of the diffusion in the case of 
labradorite is sensibly independent of the direction of the electric vector 
inside the crystal, and the diffused light, in consequence, exhibits a polarisa- 
tion of the same character as the diffusion in optically isotropic media. As 
has already been remarked, a different situation is expected and actually 
found in the case of the moonstones. 


8. POLARISED EXTINCTION GF LIGHT 


There is another group of effects observed with moonstones which are 
of interest and importance for the elucidation of their structure. As we 
have seen in the foregoing pages, the diffusion of light in its passage through 
the moonstone is a consequence of the local variations in composition and 
the variations in refractive index resulting therefrom. Apart from the 
effects arising in this way, the Ceylon moonstones are transparent mono- 
crystals which do not exhibit any body-colour. Hence, any loss of light 
which appears in the passage of a light beam through the moonstone may 
reasonably te attributed to the deviation of the incident energy as diffused 
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radiation. In other words, the energy appearing as transmitted light is the 
incident energy less the energy diffused in various directions. It follows 
that the extinction of light resulting from its passage through the crystal 
would exhibit various features which are the counterpart of those observed 
in diffusion. Besides thus representing the integrated effect of the diffusion, 
the extinction effects usefully supplement the information given by a study 
of the diffusion phenomena. As examples of the correlations found between 
diffusion and extinction in our studies may be mentioned the following 
instances. The moonstones in our collection, though derived from the same 
source, show a wide divergence in the colour and intensity of the schiller 
they exhibit. The extinction phenomena likewise show a similar wide range 
of behaviour. Again, as the angle which the direction of the incident beam 
makes with the schiller-axis of a moonstone is gradually increased from 0° 
to 90°, large changes are observed in the angular distribution of the diffused 
radiation and in its aggregate intensity; the nature of these changes is related 
to the colour and intensity of the schiller of the specimen under study. The 
extinction phenomena likewise show remarkable changes when the angle 
between the direction of the incident light beam and the schiller-axis is 
altered, these changes altering in character, as we proceed from the moon- 
stones with a blue schiller to those with a bluish-white and a white schiller 
respectively. The most interesting features of the extinction of light are the 
colour and the polarisation observed in various circumstances even when 
the incident light is unpolarised. These features are found to be closely 
connected with the spectral character and the polarisation exhibited by the 
diffusion of light and discussed earlier in the paper. 


The following further details may be mentioned by way of supplementing 
the foregoing bricf remarks. The moonstones which exhibit a blue schiller 
when the light is incident along the schiller-axis show a pale yellow colour by 
transmitted light, evidently the result of greater extinction of the smaller 
wave-lengths in the incident light. Examination through a polariser shows 
that this extinction is more marked for a vibration direction along the b-axis of 
the crystal than for a perpendicular direction. This effect is evidently the 
counterpart of the greater intensity of the schiller for a vibration along the 
b-axis. As the schiller-axis is turned away from coincidence with the incident 
light beam to a perpendicular direction, the schiller becomes steadily weaker 
in intensity, and the extinction likewise tends to zero. Moonstones with 
a strong white schiller show rather different phenomena. When the speci- 
men is held with the schiller-axis parallel to the incident light, the polarisa- 
tion in the backward direction parallel to the b-axis is hardly observable, 
evidently because the crystal, in that position, throws back nearly all the 
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light that it receives. The transmitted light is very weak and shows a yellow 
colour; it is found to be distinctly polarised with the b-axis as the direction 
of smaller intensity. Moonstones with a white schiller also show a remarkable 
type of polarised extinction when the light traverses them in a direction 
nearly perpendicular to the schiller axis. Here again, the setting of the b-axis 
of the crystal with respect to the direction of incidence of the light is found 
notably to influence the completeness of the extinction and the perfection 
of the polarisation of the weakly transmitted light. The special polarisation 
effects observed in these circumstances are rather reminescent of those noticed 
in the light transmitted by a pile of glass plates held obliquely. But the 
diffusion of a blue colour simultaneously observed in a transverse direction 
and the dependence of the phenomena on the setting of the b-axis with res- 
pect to the plane of incidence serve to remind us that the analogy with the 
behaviour of a pile of glass plates is only superficial. 
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9. THE X-RAY EVIDENCE 


The crystal structure of moonstones has been very cxtensively investi- 
gated by X-ray workers. We shall not here attempt anything like a com- 
plete review of the literature, but will content ourselves with referring to 
some of the more important investigations®*? in the field. It is evident 
that for a satisfactory correlation of the optical behaviour of a moonstone 
with the facts revealed by an X-ray examination of its structure, it is necessary 
that the same specimens should be studied by both methods, and that the 
optical evidence should be as complete and detailed as the X-ray evidence 
with which it is sought be compared. It is essential, for instance, to have 
quantitative data for the intensity and spectral character of the diffused light 
and their variations with the setting of the crystal and the direction of 
observation. Only then it would be possible to estimate the size, shape and 
orientation of the crystallites of the soda-feldspar which diffuse the light, 
and to find whether the X-ray evidence supports those findings or at least 
is not in disagreement with them. We may, however, permit ourselves to 
make a few comments. The X-ray evidence does indeed support the finding 
that the soda-feldspar in moonstones tends to segregate from the potash 
feldspar. Particularly significant are the results of a recent investigation 
reported in a book® by Professor Ito in which the Weissenberg X-ray diagrams 
of a Korean moonstone containing 7-3% of K,O, 6°9% of N2,0, and 0-7% 
CaO are reproduced and discussed. Though the data are not strictly com- 
parable with those of the Ceylon moonstones, they show clearly that segre- 
gation of the soda-feldspar occurs in such a manner as to make a near 
approach to the structure and symmetry of the parent crystal. We may 
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remark also on the observation by Chao, Smare and Taylor that certain 
specimens of moonstones show a faint schiller but give no trace of any 
additional X-ray reflections; there is also an observation of Chao and 
Taylor that in certain cases, the supplementary X-ray reflections observed 
are diffuse. Ito has also remarked that in a number of photographs obtained 
by him, the Weissenberg diagram consists of bands rather than discrete 
spots. It is obvious that if the segregated crystallites are sufficiently small 
and numerous, they could give an observable diffusion of light, but that in 
the X-ray patterns, the reflections given by them would be smeared out just 
as they would be in the case of very finely divided colloidal particles, 
Whether this is the explanation of the facts observed, or whether there is 
actually some indefiniteness in the crystal structure of the segregated soda- 
feldspar is a matter for further investigation. There is clearly a need for 
further studies in which the optical and X-ray behaviour of the specimens 
are examined with equal thoroughness. The position as it stands now may 
be conservatively stated thus: the X-ray data do not contradict the evidence 
regarding structure presented in this paper on the basis of their optical 
behaviour; on the other hand, they support the main conclusions put for- 
ward in the paper.* 


10. CONCLUDING REMARKS 


To avoid overloading the present paper, we have had to confine our- 
selves to a rather terse statement of the experimental facts on the basis of 
which the explanation of the schiller of monostone given in the paper has 
been developed. Much other material regarding the angular distribution 
of the intensity of the diffused light, its spectral character and its state of 
polarisation in various circumstances was gathered in the course of our 
studies. Some of this material was of a quantitative character, as for 
instance, the determination of the state of polarisation of the schiller for 
various settings of the crystal and for various angles of observation. Other 
observations, though of a qualitative character, were of scientific significance, 
as for instance, the fact that a “ residual blue ” is exhibited by moonstones 


“e 


* B. V. Thosar (Phil. Mag., October 1945) described some observations on the spectral 
character, polarisation and intensity of the schiller of moonstone on the basis of which he 
concluded that the phenomenon is a reflection of light at the twinning planes of a microcline 
structure which he assumed it to possess. This view is in such complete contradiction with the 
facts regarding the optical behaviour of moonstone, to say nothing of the X-ray evidence, that 
we do not propose to traverse it in detail. Thosar’s observations !ack certain particulars 
needed to give them scientific significance. But so far as they go, they are fully explicable in 
the light of the considerations advanced in the present paper. 
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giving a white schiller when the latter is extinguished by observation through 
a polariser. Detailed studies have also been made of the extinction of light 
in moonstone and of its spectral character and state of polarisation in various 
circumstances. To have set out all these results in detail here would have 
diverted attention from the main theme of the paper, namely, the genesis 
of the schiller as an optical consequence of the local fluctuations in its 
chemical composition and refractive index. We hope to be able to follow 
up the present communication by a paper in which the experimental facts 
of the subject are set out in greater detail. 


In conciusion,- we have to thank Mr. G. L. Punnyasoma whose generous 
gift of moonstone specimens from Ambalangoda encouraged us to under- 
take the present research. 


11. SUMMARY 


The paper describes the optical behaviour of the moonstones from 
Ambalangoda in Ceylon which exhibit a wide diversity in the colour and 
intensity of their schiller. The studies made show that the schiller is a 
diffusion of light within the material which is macroscopically a mono- 
crystal but exhibits pronounced local variations in its composition and 
refractive index. Though the potash and soda feldspars mix together when 
they crystallise, the soda component tends to segregate and form tiny 
crystallites of which the size, shape and orientation determine the angular 
distribution of the diffused light, its spectral character, intensity and state of 
polarisation in various circumstances. The crystallites tend to appear with 
their greatest extension nearly parallel to the 100 planes of the crystal, the 
direction of the c-axis being preferred more than that of the b-axis. The 
distribution of intensity of the diffused light accordingly does not 
exhibit a radial symmetry with respect to the direction of its maxi- 
mum intensity, and this lack of symmetry is conspicuously ob- 
servable. The intensity of the schiller and its state of polari- 
sation are also markedly influenced by the orientation of the electric vector 
within the crystal, as a consequence of the variations of refractive index 
being much greater along the b-axis of the crystal than in perpendicular 
directions. The diffusion of light in moonstone is accompanied by a marked 
extinction, which exhibits an almost perfect polarisation in certain circum- 
stances. An explanation is given of the striking differences in the optical 
effects displayed by moonstone and by labradorite in spite of the general 
similarity in their physical origin. 


A2 
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1. INTRODUCTION 


Tue cascade theory enables one to calculate the mean number of particles 
to be expected in a shower started by a primary electron or photon of 
a given energy after a given thickness of material. When one comes to the 
interpretation of rare cosmic ray events it is also necessary to know 
something about the fluctuations from this mean in order that one should 
be able to decide whether an observed shower can be interpreted as 
a fluctuation, or excluded from this interpretation as being highly improb- 
able. A measure of the fluctuation is provided by the mean square 
deviation of the number of shower particles in a given energy interval, 
and the purpose of this paper is to give an explicit formula for this 
quantity. 


Efforts to calculate the fluctuations in cascade showers have been made 
by several authors, among whom may be named Furry (1937), Euler (1938), 
Nordsieck, Lamb and Uhlenbeck (1940), and Scott and Uhlenbeck (1942). 
A lengthy discussion of this problem is to be found in the book of Arley 
(1943). All the above-mentioned authors except Scott and Uhlenbeck have 
replaced the actual cosmic-ray problem by a model which corresponds to it 
to a lesser or greater extent. In some cases one has dealt with a model 
in which there is only one type of particle having a certain probability of 
splitting into two per unit distance of travel. In other cases two types of 
particles, corresponding to the electrons and photons are considered, but 
the dependence of the radiation and pair-creation processes on the energy 
of the particles is completely neglected. The only treatment of the problem 
based on the actual quantum mechanical cross-sections for radiation loss 
and pair creation has been given by Scott and Uhlenbeck.* The present 
paper goes further than theirs only in strictly carrying through the calcula- 
tions to the end. In this way we have calculated and retained certain 


*We were unfortunately not aware of the paper by Scott & Uhlenbeck till after our 
calculations had been completed. 
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terms which were erroneously omitted by them as being negligible. Explicit 
expressions for the mean square deviation in the number of particles or 
quanta in a given energy range are given. 


2. CALCULATION OF THE MEAN SQUARE DEVIATION 


As usual, the cascade problem is treated here as an one-dimensional 
one and the angular spread of showers is neglected. The thickness of 
material is measured in the usual units of the cascade theory (cf., for example, 
Bhabha and Chakrabarty, 1942). The probability of an electron or positron 
of energy E radiating a quantum of energy E — E’ in traversing a unit length 
in the substance is given by R(E, E’) dE’ while the corresponding prob- 
ability of a photon of energy E creating a pair of which the electron has 
an energy between E’ and E’-+- dE’ is denoted by R’ (E, EB’) dE’. Then the 
mean of the number of particles or photons can be calculated from the 
functions n (E; t) and m (E; t) respectively} where these functions satisfy the 
well-known equations of the cascade theory, namely 


so E 
. n(E;t) = (dE “R(E, Da(l’'3s)- fae ‘R(E, E’) n(E; 4) 
E ey 


+ 2 f aE’ ‘R’(E’,E) mE; 9 
E 


= T,"! {n (E; t)} + T,)* tm (E; 9} (1a. 


dm (E: 1) = {de REE’ Ball’; — 


E 


f aE’ - R’(E, E’) m(E; 9 
} 


= T,” {n (E; 1)} + Ty* {m (E; 9}. (16) 


T,”” here stand as abbreviations for the four operators which occur in 
ihese equations. For example, T,,”7 acting on any function f(E) of E means 


T.2 {f(E)} =2 fae ‘R(€, EF’ — ES). 


+ The notation used here is the same as that in a recent paper (Bhabha, 1950) with the 
difference that the bars over small Roman letters such as 7, mg, nm, etc., have been omitted as 
being redundant in the present context. 
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The mean of the number N (E,, E,) of particles whose energies lie between 
E, and B, is then 


Es 


NE, E,) = f n(E; 1) dE, (2) 


E, 


A proper formulation of the stochastic theory of continuous parametric 
systems has been given recently by one of us (Bhabha, 1950) and it is 
shown there (Theorem 1) that the mean of the square of N (E,, E,) is 
given by 

E. E: 


N(E, E)? = N(Ep Ey) + J f ny (E, E’; 1) dE dE’ (3) 
Ey Ei 


where the continuous function n,(E, E’; t) together with the two other 
function nm (E, BE’; t) and m,(E, E’; t) is determined by the equationst 


ats (E, E’; 2) = fade: R (ce, E) no (e, E’) 
E 

+ fa - R (e, E’) 12 (E, €) 
E’ 


E E’ 
— { { de *-R(E,e) + fae mi 3} nz (E, E’) 
+2 f de . R' (c, E’) nm(E, 6) 
r 


+ 2 { de . R' (e, E) nm (E’, €) 
Ez 


+ 2m(E + E’) R‘' (E+ E’, E) 
= Ty!" {ny (E, E’)} + Te" {ma (E, E')} + Te? {am (E’, B)} 
+ Ty? {nm (E, E')} +2 R' (E+E. E)m(E+E) (4a) 


ee 


t For brevity we sometimes omit to write explicitly the dependence of the functions n, 
My, nm etc. on ft, 
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A nm (E, E'; t) =T," {nm (E, E’)} + Ty! {m,(E, E)} 


+- Ty,?4 {n, (E, E’)} + Ty?? {nm (E, E’)} 
+R(E+ EF’, E)n(E+E) (4b) 
“ma (E, E’; t) = Tq" {nm (E, E')} + Ts" {nm (E’, B)} 
+ T,,2? {m, (E, E’)} + Ty-?? {m, (E, E’)}. (4c) 
The last terms in (4a) and (4b) are responsible for the correlation. In 
their absence the set of equations (4) would clearly be satisfied by the 
substitution 
n, (E, E’) =n (BE) n(E’) 
nm (E, E’) =n (E) m(E’) (5) 
mz (E, E’) = m (EB) m (B’). 


We shall solve equations (1) and (4) on the assumption that R and 
R’ have their respective forms for complete screening, namely 


nee =(F-(+)(1- 8) “ 


wen =fi-($+)(E-E)h ° 


a being a small constant (see for example Bhabha and Chakrabarty, 1943). 
In this case it is convenient to take the Mellin transforms of  (E; #) and 
m (E; t) thus 


v(r; 2) =fE° n(E; t) dE (7a) 
v3) = f E m(E;0) dE. (7b) 


° 
Then the functions v and y satisfy the equations obtained from (1) by 


applying the same transformation. Introducing the vector ¢ (r; ¢) with two 
components defined by 
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v(r; t) 
: = 8 
¢ (r; t) ribet (8) 
it follows from (1) that ¢ satisfies the matrix equation 
Es) =) $030) (9) 
where 
“- A, B, 
t (r) =( C, ~~ (10) 


with the functions A, to D given by (see for example Bhabha and Chakra- 
barty, 1943) 


A. =(3 + a) {e log Fin) ty —1 + } +4— WEN (11a) 





B, =2{7-(3+ “ex ners} on 
C=747+(5+9}¢=y site 
D =,—{4 (11d) 


y in (lla) is the Euler-Mascheroni constant. The matrix 7 has the two 
eigenvalues — A, and — yp, given by 


A 
(1) =4A, + D) = 4A, — D+ 48, C} (12) 


7 can be brought to the diagonal form by the matrix 


D—A, .—-D 
oy A EE ay 


so that defining a matrix 


Sea 
ates) = c Ll . (14) 
0 e 
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one sees at once that the matrix 2 (r; t) =o (r) 4 (r; 2) satisfies 
42 MACs} =70 MAD). (19 


Any solution of (9) is simply obtained by multiplying the matrix o4 from 
the right by a suitable vector. For a shower excited by a single electron 
of energy E,, with the boundary condition n (E; 0) = 8 (E — E,), m(E; 0) 
=0 at t =0, or equivalently, v(r;0) =E,”", y (r; 0) =O at ¢ =0, the 
solution of (9) is the well-known one 


r—-1 
bird =e MAO) >. (16 


It follows from (15) that the matrix 2-1 (r; 1) = 4-1 (r; 1) 07 (r) satisfies 
the equation 


: 21 (r3 th =—Z 7 (r; 0) r(r) (17) 
where 
* 
A~* (1; t) ~(* ust ): 
0 e 
on} == ann ? 
”) ip, AL) ole <i x) (18) 


To solve the equations (4) we now make a double Mellin Transform- 
ion, thus 


7. f dE ( dE’ - E") E’-1 n, (E, E’; 1) (19a) 
wy (r, 831) = f dE f dE’ - E’-) Bn (E, E’: 2) (196) 
(539) = f dE f dE’ - EY) B1 m, (E, E’; 2). (19¢) 


Denoting by ¢°*) (r, s; ¢) the vector 
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ve (7, S; t) 


4) (r, 831) = wD (20) 
vy (s, r; t) 
Y2 (9; 83 t) 


and performing a double Mellin transform on the equations (4) one finds 
without any difficulty that 4 satisfies the equation 


1 g® (53) =F) X1FtX 7O}OP GS D+HGS) QD 


where 1, is the 2 X 2 unit matrix and % is given by 


a(r,s) y(r-+s—1; 2) 
b(r,s;t) = | ag(r,s) vr +s—1528) (22) 
| se (S, r) ates 
0 


and 


y) ve 
a, (r,s) =~ ns, POs, — ¢ - 


rs 
ri(ir+s) t + a) ers neT x} (23a)§ 


inal ied P(r) P(s\j ss 4 C a a) man , (23b) 


~ Tirt+syir+s 


The multiplication sign x in (21) denotes the direct product of two matrices. 
It follows immediately that in the absence of the % on the right the solution 
of (21) would be a direct product of the solutions of (9). Let ¢ (r,s; 2) 
be a 4 x 4 matrix satisfying 


HES =EOXL+LX rO}EG S59 (24a) 
so that £-1 (r, s; t) satisfies 

£685) =-2 559X141 Xi}. (24b) 
Then a solution of (21) is 


$) (r,s; t) =C(r, 5; 8) fe (r,s; t)b(r, 5; t) dt, (25) 


§ a, (r,s) is the same as S(r +1, 5— 1) defined by formula (41a) of the paper by Scott 
and Uhlenbeck. Their (41a) is however in error by having J" (r+ s+ 1) in place of 
re+s + 2), 
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This solution satisfies the boundary condition ¢‘*) =0 at ¢ =0, correspond- 


ing to the fact that at t =O the shower is initiated by a single electron 
of energy Ey only. 


It follows from (15) and (24a) that 
C(r, 83) ={0() xo(9)} {459 x 2 (8; 9} 
=fo(r, 5) {a (r3 2) x 4 (8; 9} (26) 


where €,(r, s) =o (r) X (3) is given explicitly by (13), and is independent 
of ¢. It follows from (13), (14) and (16) that 





r+s—2 —A,4s-3 r+s—2 —py+5—yf 
bis; =h(r,s)Eg ¢  +%e(r,s)Ey e (22) 
where 
a (r,s) Cy 
fr, (7, 5) ea = Ang az (r, s) (D — a) (28a) 
a; (s,r) (D — A,.5-4) 
0 
; — a (1, 8) Cras a 
be (r, s) = — =i... (r, 5) (#,4s-. — D) 
Hyts-4 r+s—1 . (28b) 
ag (s, r) (H,+s—1 — D) 
0 


Corresponding to the two parts 4, and %, of 4, one now finds that ¢') itself 
splits into two parts 4,'*) + ¢,'%), Since the only ¢ dependent factors in the 
integral in (25) are the exponentials, one finds easily 


p; (r, 8; t) =Eg 2 Co (r, 8) 7 (Ansa) So? (r, 5) 41 (Vr, 5) (29a) 
and 
b2'”) (r, 8; t) =Eg’**? Co (r,s) 2 (H4,-0 So? (Vr, 5) He (", 5) (29b) 


where 7 (x) is the diagonal matrix with the four elements 


—xt) = —(A,+A,)t —xt —-(A,+4,)t —xt —(u,+A,)t 
ie. SE, BAG, Sess. A 
AtA—xX ’ At+pe—x? pta—r 


—xt = (Hp + s)t 


Stns. 30 
and easy (30) 








n 


v (r,s) = 
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Terms of the type exp {— (A, + A,) t} in (29a) can be combined with the 
corresponding term in (29b). We then obtain after some calculation 


Mirssn=/(rs;)N+tey(s;0+4, (5350 (31) 
where 
$' (r, 53 t) =Eg*** Cy (r, 8) {4 ("3 1) X A (85 O} 5) (32) 
by (858) =By en L600, 8) to Apaea) So (rs 8) th (FS) 
ny (33) 
b,(r, 851) =By €or, 8) 29 (Hpte-a) So2 (rs 8) bars 8) 


(34) 
the vector v’ being given by 


] 


(A, a A, nig A+) (A, a A, ie Pyts—1) hee (r, 5) Criss 


] 


r + B, — A -1) (A, + By — Prtst) {a (r, s) Crist 


(A 


1 ( 


po wee 4a, (r, 8) C,4,- 
(py i A, = K,-4-5-1) (H, = A, ‘ie Pypts—1) I . ( ) + . 


+ az (r, S) a 
1 


a ———— fa (r, 8) C 
(Hy 1 bs — Ap+s-1) (py +», — Merts-1) i 1 ( > 5) rts-1 





no(x) is just the diagonal matrix obtained from 7 (x) by replacing the 
numerator of every element in the latter by 1. 


Denoting the vector in (33), namely fo (r, 5) 79 (A,4,-1) So? (7, 5) Hy, (rr, 5) 
by v, (r,s) one finds after a somewhat tedious calculation that its first 
component is 


+ az (r, s) ia = (D a A, = A,) a az (s, r) i= (D pe A, —A, )} 


D—A = 
— az (r,s) cig ‘oo — A, = Hs) + as (s, r) oo - (D a A, ined Hs) 


D DP & 
-(D — p, — A) — a2 (5, 7) cD —H, — Apt 


D—A D—-A 
— az (r, S) — (D — p, — 4) — a2 (5, 7) = (D—p,~p, 








150 H. J. Bhabha and A. Ramakrishnan 


[ DD = a) +.) + ete x, + yoy He AXP x) a (F, 8) Coa 
<p aad a —D) {D (x, + x,) — App, 


+ (A, — x) (u, — 2} aa (r, 8) (D — d-1) 


D— A}G.— D 
PARK?) D(x, 


+ (A, — x) (u, — x)} a, (s, r) (D — Mrs) | (36) 


+ + X,) — A,pz, 


(iH -t1 WA,-3) (A, + A, — x) (A, +, — x) , + A, — ) 
(4, + pb, — x) (37) 
where x =A.,-, and x,= A, +y,— x. The last component of », (r, 5) is 


((C,.C, (x, + x,) ay (7, 5) Cys + {A, (x, + x.) — By A, 
+ (A, = x) (u, oF x)} as (r, s) Cc, (D = Bits ») 
+ (A, (x, + x.) —~ Fr A, 
+A, — x (u, — 9} @ (5,7) C, (D — 24,0]. 
(uy. ts-1 Ay) (A, + A, te x) (A, + B, 5 tend x) (u, + A, iia x) 
(uw, +», — xP. (38) 
In the paper of Scott and Uhlenbeck the approximation is made of putting 
all the elements of 7, (x) equal to zero except the first element on the 
diagonal. This is erroneous, since the other elements on the diagonal of 


no (x) make a contribution to (36) and (38) which is comparable with that of 
the first diagonal element. 


It is clear from (16) and (26) that if »’ in (32) were replaced by the 
vector having all its components equal to 1, then the right-hand side of 
(32) would simply become ¢(r; t) x ¢(s; t) a circumstance which would 
correspond to (5). It is therefore convenient to separate out this part and 
replace v’ (r,s) by 


l 
1 


v" (r,s) =v' (r,s) — | 
\ 


(39) 
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Denoting a vector with the four components n, (E, E’; t), nm (E, E’; ¢) 
nm (E’; E; t), and m, (E, E’; t) by f(E, E’; #) one obtains through a reversal 
of the transformation (19) 

i ctia etia 
f oe —_— “9 ° —? r--S§ A(2 . oe 
J (E, E'; t) (ni)? (ar fas E~’ E’~ ¢*?) (r, s; £) 


=A(EEs)+/ EF 3)+4, (6 63 9+f/ (EB; 0) (40) 


c being some positive real number. /, (E, E’; ft) is the vector with the com- 
ponents 


n(E; t)n(E'; 0), n(E; 0 m(E’; 1), 1 (E’; ) mE, 0), 
m(E; t) m(E’; t) 


_ etia F 
LPEE;» =ony J f E2(£) (E) 


cia 


while 


x a (r, 5) {4 (r; t) oe (ss t)} v” (r, 5S) dr ds (41a) 
oe L (E oY (Eo) 0 —artea! 
SE ES) = Gaip ss ew(e’) (e*) ¢ 
X Go Cr, 5) 29 (Ayia) S07 (V5 5) 4a (Y, 8) dr ds (41h) 
r Pe = l l Ey 4 Ey * Hertel 
Ju (, E ’ t) — (27i)? {f E,* (g ) (2) . 
Lo (1, 5) 20 (Urs) Sot (rs 8) He (r, 8) dr ds. (Alc) 


To get the mean of the square of the number of particles or photons in 
the energy interval from E, to E, (3) shows that one has to integrate the 
f’s with respect to E and E’ from E, to E,. This simply changes any 
particular f in (41) to F (E,, E,) + F (E,, E,) — 2F (E,, E,) where F (E,, E,) 
is obtained from the corresponding / in (41) by replacing E,~? (E9/E)’ (E,/E’)’ 
in the integrand by 


=v a1) G). 


Thus it follows from (3) that 
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N (E,, E,)® —{N (E,, E2}? = N (E,, E.) + [{F" (Ey Ev 
+ F” (E,, E,) — 2F” (E,, E.)} + {F, (E,, E,) 
+ F, (E,, E,) — 2F, (E,, E,)} + {F, (Ei: Ey) 
+ F, (E;, E,) — 2F, (E,, E2)}): (42) 


where the 1 at the end of the square bracket indicates that the first com- 
ponent alone of the vector in the brackets is to be taken. To obtain the 
mean of the square of the number of photons M (E,, E,) in the energy 
interval from E, to E, one has a corresponding expression with M replacing 
N in (42), and a suffix 4 at the end of the square brackets. By letting 
E,—co one gets N(E,) the total number of particles of energy greater 
than E,. In that case, provided E, <E,, the contribution of the last two 
F’s in each curly bracket in (42) is negligible compared with the first, and 
one obtains to a good approximation 


N (E,)? — {N(E,}? =N (E,) + {F” (BE, E,) + F, (FE, Ev) 
+ F, (E,, E,)}:. (43) 


The double integrals for the f’s given by (41), or the corresponding 
ones for the F’s can be evaluated by the saddle point method. It is true as 
usual that but for small ¢ the contribution of f, is negligible compared with 
that of f’ or f, while even in f” given by (41a), the contribution comes from 
the first element in the matrix 4 (r; t) x 4 (s; #), namely, exp {— (A, + A) @} 
which exceeds the others by an order of magnitude for all but small ¢. Thus, 
one essentially requires to know only the first component of the vector 
v” (r, s) given by (35). 


The circumstance that there is a non-vanishing fourth component to 
the matrix in (41a) and likewise a non-vanishing fourth component of the 
matrix v, given by (38) results in the mean square deviation of the number 
of quanta in any given energy interval differing from its Poissonion value. 
This means that there is a correlation between the numbers of quanta in 
two different energy intervals despite the fact that in the equation (4c) for 
m, there is no correlation term on the right. 


SUMMARY 


On the basis of the quantum mechanical cross-sections for radiation 
emission by electrons and pair creation by quanta when screening is 
complete, the fluctuation in the mean number of electrons and photons 
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in any given energy interval in a cascade is calculated. The expression for 
the mean square deviation of this number is given explicitly in the form of 
a double integral which can be evaluated by the saddle point method. 
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1. INTRODUCTION 


It is well known that the cascade theory correctly describes the behaviour 
of a cascade of electrons and photons in their passage through matter. 
Denoting* the number of particles (electrons plus positrons) whose energies 
lie between E and E’ by N (E, E’), one has so far calculated to varying degrees 
of accuracy the mean N (E, E’) of this number after a thickness t of material 
in a shower started by a primary electron or photon of some given energy 
Eo. The process is, however, a stochastic one, and this information is there- 
fore far from complete. If one wishes to know something about the probable 
deviation of the actual number from the mean, one has to calculate N (E, E’)*. 
If one wishes to know next whether this deviation is more likely to be in the 
direction of larger or smaller showers, one has to calculate N (E, E’)*. Com- 
plete information about the stochastic process is only obtained if one knows 
N (E, E’)* where & is any positive integer. It has been shown in a recent 
paper (Bhabha, 1950, Theorem 2) that for a stochastic assembly of continuous 
parametric systems of a very general nature, which includes in particular 
the type of physical system with which one is concerned here, 


k 
N (E, EB’ =2 ay N© (E, E’) (1) 
I=1 
where 
E’ EF’ e’ 
N® (E, E’) = if dE, f oe if dE;- nz (E,, E2,....E,)- (2) 
E E E 
nz; (E;,....E,) is a symmetric function of the / variables E,,....E,, which we 


call the /th order correlation function. The coefficients a,, are numbers 
which do not depend on the particulars of the physical system. 


* Use is made of the same notation as in a recent paper (Bhabha, 1950, referred to here 
as B). It will be assumed that the contents of that paper are known to the reader. 
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Denoting by P(N(E, E’)) the probability of their being N particles 
with energies lying in the interval E to E’, we have 





' NEY = ZN’ P(N), (3) 


N=0 


the inversion of which is 
P(N(E, E’)) =ZbaN&, E¥, (4) 
k=1 


where the numbers by, must clearly be independent of the particular features 
of the physical problem. Substitution of (1) in (4) therefore leads to © 


P(N(E, E)) =2 CwN” (E, EB). (5) 


Scott and Uhlenbeck (1942) have shown that* 


= 
Cy: = Ne Rt I>N (6) 


and zero for /<N. Thus, one has complete information about the cascade 
process as soon as one knows all the functions of the type n;(E;,....Ez), 
> en 


It has already been shown by Scott and Uhlenbeck for the simplified 
model in which there is only one type of particle with a given probability 
of splitting into two per given thickness of material traversed that n; is 
explicitly expressible in the form of repeated integrals with respect to n(E), 
where n(E) dE is the mean of the number of particles in the interval dE. 
This makes it likely that for the actual cascade problem involving two differ- 
ent physical entities, the particles and the photons, a similar statement may 
be true. The purpose of this note is to prove this. The fact that two types 
of physical entities are involved, however, complicates the problem consi- 
derably. Instead of one basic function n (E) one has now four functions n' (EB), 
m' (E), n? (E) and m? (E) corresponding physically to the mean of the number 
of electrons and photons in a cascade generated by a single electron or photon 
of energy E,. Any correlation function nym, (E,,....Es; Epis. .--Epeg) 





* This simply follows from the fact that if the number of particles in the interval dE is 
independent of that in any other interval, then m7 (E,,....E) =n (E))...... n(E,;), whence 


N@) =(N). But in this case one has the Poisson distribution with P(N) =e (N)*/N! 
Equating of the two sides of (5) in this case leads to (6). 


A3 
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can be expressed in the form of repeated integrals of these four functions 
and the functions R and R’ which give the probabilities for radiation emission 
and pair creation respectively. 


2. CALCULATION OF THE gth ORDER CORRELATION 


Denote by R(E, E’) dE’ the probability per unit length that a particle 
(electron or positron) of energy E emits a photon of energy in the interval 
between E’ and E’+ dE’, and by R’ (E, E’) dE’, the corresponding probabi- 
lity of a photon of energy E creating a pair whose electron (or positron) has 
an energy between E’ and E’+ dE’. For the purpose of this paper it is not 
necessary to specify R or R’ further, and they may be arbitrary functions 


of Eand BE’. Let T™ (E) stand for an operator which acting on any function 
J (® of E turns it into 


™ ®) f(® = f dE’ -R (E’, E’— E) f(E’) — f dE’: R(E, E(B) 


+8 Sf®- (1a 

Similarly, let - : 
T2(B) f(E) =2 f de’: R'(E’, E)f(E’) (16) 

T(E) f(E) =2 f dE’. R(E’, E)f(E?) (10) 

T(E) f(E) =— f dE! R'(E, E)() (1d) 


Then, if n(E; t) and m(E; 2) give respectively the mean number of particles 
and photons at a depth ¢ of material, these are determined by the well known 
equations of the cascade theory, namely 


ant; t) =T" (E)n(E; ) +T2(E)mEE; 1) (8a) 


“m; t) =T™(E)n(E; 1) + T#*(E)m(E; 1 (8b) 


Introducing the vector v(E; #) by 


n(E; t) 
m (E; t) “ 


» (B; 1) =( 
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these can be written in the matrix form 
4 o(E; ) =J7(B)v; 2) (10) 


where J (E) is an operator matrix with the elements T” (E) given by (7). 


The equations (8) have two independent sets of solutions corresponding 
to showers started respectively by an electron or a photon of some energy Ep. 
The former, which we denote by n' (Eo | E; #) and m'(E)| E; 2) satisfies 
the boundary condition 


n' (Ey | E; 0) =8(E— Ep); m' (El E; 0) =0 (11a) 
at t =0, while the second satisfies 
n? (Ey| E; 0) =0; m?(E)| E; 0) =8(E — E)). (115) 


We therefore introduce the 2 x 2 matrix f defined by 


nm(Eo|E; t) n?(Eo|E; ¢) 
m'(Eo|E; t) m?(E|E; t)7 


The matrix / satisfies (10) and the boundary condition 


J (Eo| E; 0) =18(E— EB) (13) 


at t =0, where 1 stands for the 2 x 2 unit matrix. 


f BIE; ) =( (12) 


All the gth order correlation functions, namely n, (E,,....E,), mj-ym 
(E,,....Ega3 Ey), My-sitte (E,,...-E,-; Ey, Ey), -...-- m, (E,,....E,) are 
determined by a set of simultaneous integro-differential equations which can 
be deduced from the master equation of the cascade theory given in B. The 
function ngm,-»(E;,.-.-E,; Epus,....Ez) is symmetric in its first p variables 
and likewise symmetric in its last g — p variables but not in the two sets of 
variables separated by a semi-colon. A permutation of any one of the first 
p variables with any one of the last g — p therefore gives a different function 
of the q variables E, toE,. One obtains in this way q!/ {p! (q — p)!} different 
functions of the type nym,-» of E, to E,. The total number of functions which 
are determined simultaneously by the set of integro-differential equations 
for the gth order correlation functions is therefore 


x a =f, 
sae P\(q — p)! 
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It can be seen without much difficulty that the equations are 


d Ed 
dt NgMg-p (Hy... Bigs Boggs Eyes & =o T" (Ez) NgNg-p (E;,....E,,.. 


Ey; Epi - ‘ -E,; t) 


9 
+2™ (E,) Np—-\Ng-p+4 (E,,. cee R. eee Es; Epis: oe Ee E;; t) 


-L 2T* (E;) Np44Mg-p-1 (E,,. oe Ey, E,; Ess. “os E.- ee -E,; t) 


k=p+1 


+ 3722 (E)) np myp(Ey-+--Ep; Epiy----Eas----Ey3 8) 


Fad 

+ EZR (E; $ My Bd atepa Mp. .« Be + By. --:Bpi 
a. oe 

ee ee a a 


Eoin, ---Eg, Ex + Ez; 8)]. (14) 


This clearly shows that the correlation depends directly on the presence of 
the terms in square brackets in (14), which determines the qth order correla- 
tion functions in terms of the (q — 1)th order functions. The first term in 
square brackets gives the correlation due to the fact that through one radia- 
tion process one simultaneously changes the energy of an electron and creates 
a photon. The second term in square brackets gives the correlation due 
to the fact that in one single process a photon disappears simultaneously 
creating an electron and a positron. 


Let vo (E; 2), 0°?) (E; 0),.... o' (E; 2) be q different solutions of equa- 
tion (10). Denote the two components of v) by n (E; t) and m” (E; 2). 
Then the vector 


Pp 
+2 
k=1 


oD (E,; ) x oF (&,; Ox .... xo E,; 8) (15) 
with 2? components, of which a typical one is 
YO(E,; 1) r'(E,; 2)....7(E,; o, (16) 


where r stands for either of the symbols n or m would satisfy equation (14) 
if the term in square brackets were absent. Consider the component (16) 
in which p of the r’s stand for n while the remaining g — p stand for m. This 
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component is not symmetric in the p E’s corresponding to the pn’s nor 
in the gq — p E’s corresponding to the gq — p m’s. The expression (16) there- 
fore does not yield an expression for the functions nym,» (E,,....E,; 
Eys-+--Egs 2) which is always symmetric in the first p E’s and in the last 
q—pk’s. An expression for nym,» having the necessary symmetry pro- 
perties is however obtained at once by symmetrizing (15) or (16) with respect 
to the indices (1), (2),.... that is by summing expressions of the type (15) 
or (16) over all possible permutations of the indices (1), (2),..... The result- 
ing 2? functions would have the correct symmetry properties and would 
satisfy (14) if the terms in square brackets were absent. 


Arrange the 2’ correlation functions nym,» (E;,....E,; t) of the gth 
order as the components of a vector v,(E,,....E,; ft). It is convenient 
to arrange these components in an order which would correspond to the 
decomposition (15) or (16), that is the order which would naturally arise 
if v, were a direct product of the g vectors vo as in (15). Then (14) can be 
written in the form 


d 
dt 22 (E,,....E,; 1) — FT, (Ey... Ey) 07 (E,,...-E,; 8) 


= uz (E,,....E,; t) 
where J, stands for the 2’ x2’ operator matrix 


IgE»... -E) =FE) XI Xx1x....x1 
+1x J(E) x1x....x1 
+ixixix....x J&) (18) 


and w,(E,,....E,; t) stands for the vector with the components given by 
the term in square brackets in (14). Assuming all the (gq — 1)th order cor- 
relation functions to be known, z, is a known function of the E’s, and there- 
fore given the value of v, at t =0, v,(E,,....E,; #) is uniquely determined 
by (17). 


Introduce the 2% x 2? matrix 
; SAEn'. -» +B,’ | ys . ooliys t) =f(E; | E.;3 t) x 
x Sf (E,’ | Ey; #)....x f(E,'| Ep; 2) (19) 


where f(E,’| Ez; 2) is defined by (12). Then clearly the matrix /, satisfies 
(17) with the right-hand side equal to zero. Moreover, on account of 
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(13), it follows that 
Sy (Ey’,....Ey’| Ey,....E,; 0) =18(E,’— E,)....3(E,’—E,) (20) 


where 1 stands for the 2? x 2% unit matrix. The appearance of the 8 func- 
tions in (20) suggests that it might be more convenient to make use of 
L. Schwartz’s theory of distributions. So far f; is only defined for t> 0. 
We now introduce the distribution f,° throughout the whole q+ 1 dimen- 
sional space of the variables E,,....E,, ¢ through the definition 


Jo (Ey’,-...E,’| E,,--.-E,; for t>0 


D , ’ e = 
to (E,’;. ° oo By . ar §- t) 1 0 for < 0. (21) 


Then it follows from (20) that 
Of? (Er's-+-Ey'| Ey: +.Ey3 f) =13(1) 8 (E,'— E)....3(E,'— E,) 


” ake amin t) for t>0 
0 fort<0. (2) 


Hence, the distribution f,” satisfies the equation 


{5- Sy (E,,....E,)} Sq? (Ey’,..--Eg' | Ey,...-Ey; t— x) =1 + 8(¢— x) 
5 (E,'— E,)....3(E,’— E,). (23) 


The distribution /,° is therefore the elementary solution of the integro-differ- 
ential equation (23), and it follows immediately from this that 


v, (E,,...-Ey; t) = fax f dey. so fy SPC F,,....E,;t—x) 
-—co 0 i) 


tty (Ey’,----Eg’3 x) 


= fae fey... fab SEs Bs 8 BX... 
. E, Eg 


xX f(E,'| E,; t— x) u, (Ey’,....E,3x). (24) 


Any given component of wz, has the same symmetry properties as the corres- 
ponding component of v,. In consequence v, defined by (24) has the correct 
symmetry properties, as it must have, being the unique solution of (17). 
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Since f(E’| E; t) is known, (24) shows that the correlation coefficients of 
any order can be obtained by successive integration in terms of those of lower 
order. Formally, therefore, we have the complete solution of the cascade 
problem, and it would not be difficult to obtain numerical data with the help 
of an electronic or differential calculator. 


SUMMARY 


The present note extends to the actual cascade process a result already 
established by Scott and Uhlenbeck for a model in which there is only one 
type of physical entity involved. It is shown that with the sole approxima- 
tion of neglecting the angular divergence of showers complete information 
about the stochastic process of cascade generation can be calculated. The 
gth order correlation functions are expressed as integrals involving the 
(q—1)th order correlation functions and the two independent elementary 
solutions of the cascade equations (8). The latter are the usual functions 
giving the mean number of electrons and photons in cascades excited res- 
pectively by a single electron or photon of some definite energy. If the latter 
are known exactly, then all the higher order correlation functions can be 
calculated by repeated integration. One thus obtains explicit expressions 
for the mean of the gth power of the number of electrons or photons in some 
finite energy interval, and from this again, through a use of equation (5), 
of the probability of finding N particles in this energy interval at a depth ¢ 
in a cascade started by an electron or photon of some given energy. 
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THE reactivity of Raney nickel as a reduction catalyst and the desulphuriza- 
tion of sulphur-containing organic compounds by means of Raney nickel 
have been studied widely in recent years.1 The removal of sulphur present 
as part of a ring system has been used in investigating the structure of a few 
substances, such as 3-biotin methyl ester,? benzylpenicillin,* and the tri- 
sulphide from thiobenzophenone.* Desulphurization of thiodiphcenylamine 
and benzidinesulphone by Raney nickel’ and the data on the constitution 
of the sulphur-containing dyes, Hydron Blue® and Cibanone Yellow R,’ 
obtained by a study of Raney nickel desulphurization, have been reported 
by us earlier. The action of Raney nickel and aqueous alkali on thioindigo 
(Durindone Red B), its 6: 6’-diethoxy derivative (Durindone Orange R) 
and thicindoxyl has now been examined with the result that a new method 
for the preparation of diphenacyl and its derivatives has become available. 


Removal of sulphur from organic compounds by means of Raney nickel 
at atmospheric pressure is carried out by treatment of the compound (1 part) 
with a large excess of active Raney nickel® (10-30 parts) in a suitable solvent 
at temperatures up to the boiling point of the solvent. Another method 
of desulphurization consists in the treatment of the compound (1 part) with 
Raney (nickel-aluminium) alloy (usually 3 parts) in hot aqueous alkaline 
solution according to Papa, Schwenk and their collaborators, who have 
suggested that the reduction is due to the liberation of hydrogen which is 
then activated by the nickel catalyst. If the nickel catalyst is omitted and 
the alkaline solution treated with aluminium, no reduction occurs. The 
mechanism of desulphurization by active Raney nickel, therefore, appears 
to be the same in both the procedures, but the amount of the catalyst 
employed when Raney alloy is used is smaller because of the greater availa- 


bility of the hydrogen produced by the dissolution cf aluminium in aqueous 
alkali. 


Desulphurization of thioindigo and its derivatives by means of Raney 
alloy has been undertaken from two points of view: (1) to use this method 
for determining the constitution of dyes of the thioindigoid series; and 
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(2) to synthesize the difficultly accessible diphenacyl and 1 : 4-diphenylbutane 
derivatives which were expected to be formed by the removal of sulphur 
from the thioindigoid dyes, followed by reduction of the resulting sulphur- 
free products. Diphenacyl and its derivatives are not easily accessible and 
are usually prepared by hydrogenation of the corresponding dibenzoyl- 
ethylenes.1 Di- and tetrahydroxy derivatives of diphenacyl have been 
recently prepared as by-products in the condensation of succinic acid or 
anhydride with phenol or resorcinol, the major products being the corres- 
ponding succineins.*? 


Desulphurization of thioindigo, the parent member of the bis-thionaph- 
thene-indigo series of dyes, was first studied. The reduction was carried 
out by treatment of the dye with varying amounts of Raney alloy in aqueous 
alkaline solution at about 100°. Reduction of the dye with equal parts of 
Raney alloy in aqueous alkaline solution gave diphenacyl (1) in about 1-5% 
yield, together with traces of benzoic acid; and about 50% of the dye was 
recovered unchanged. The isolation cf benzoic acid even under mild 
conditions of reduction is of interest. When the dye (1 part) was reduced 
with Raney alloy (4-5 parts), most of the dye was desulphurized, but only 
a small amount of sulphur-free products could be isolated in the pure state. 
Thus the yicld of pure diphenacyl was only 12%, together with a smaller 
quantity of benzoic acid. The yield of the sulphur-free products was 
slightly increased by precipitation of thioindigo from sulphuric acid prior 
to reduction. Reduction of the dye (1 part) with Raney alloy (6 parts) gave 
1:4-diphenylbutane (II) as the major product (yield 14%), a small quantity 
of diphentcyl (about 1%) and benzoic acid (5%). While the formation of 
diphenacyl and 1:4-diphenylbutane was anticipated, the formation of 
benzoic acid from thioindigo cannot be readily accounted for. The  isola- 
tion of benzoic acid, together with toluene and p-cresol methyl ether, from 
the Raney nickel reduction products of p-methoxybenzyl alcohol has been 
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+ PhCOOH 
oO 
recorded; and it has been suggested that benzoic acid is produced by the 
scheme: dehydrogenation to anisaldehyde — reduction to benzaldehyde — 
Cannizzaro reaction to benzoic acid and benzyl alcohol (the latter going 
further to toluene),’° 
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Papa, et al.!° have found that phenyl ketones, PhCOR, are reduced to 
the corresponding hydrocarbons, PhCH.R, by treatment with Raney alloy 
in aqueous alkaline solution. They have also recently observed that 
thioisatin (III) gives mandelic acid, which when treated under similar condi- 
tions is unaffected." Blicke and Sheets'* have recently obtained ethyl- 
benzene from thionaphthene, thioindoxyl (IV), acetophenone and methyl- 
phenylcarbinol by treatment with excess of Raney nickel in alcoholic or 
aqueous sodium carbonate solution. The isolation of compounds in which 
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a carbonyl group attached to the benzene ring is left unaffected after Raney 
nickel reduction has, therefore, not been recorded so far. The deactivation 
of the catalyst by poisoning with the sulphur abstracted from _ thioindigo 
may account for diphenacyl, which results by the desulphurization of 
thioindigo, not undergoing reduction. When, however, excess of Raney 
alloy was used, diphenacyl (I) was reduced to 1: 4-diphenylbutane (II). 


Reduction of thioindoxyl (IV) was then studied, since it forms the inter- 
mediate from which thioindigo is prepared by oxidation. When thioindoxyl 
(1 part) was treated with Raney alloy (4:5 parts) in aqueous alkali, benzoic 
acid in 8% yield and an oil were obtained. It is interesting to note that aceto- 
phenone also gave benzoic acid as one of the reaction products. As stated 
earlier, the formation of ethylbenzene by Raney nickel desulphurization of 
thioindoxyl has been observed by Blicke and Sheets;!* acetophenone is 
presumably formed as an intermediate product and undergoes further reduc- 
tion to ethylbenzene.” 


Desulphurization of 6: 6’-diethoxythioindigo (Durindone Orange R) 
was next studied. The dye (1 part), purified by extraction with boiling 
water and 5% hydrochloric acid, was treated with Raney alloy (4-5 parts) 
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in hot aqueous alkaline solution in the usual manner. Since 50% of the 
dye was unchanged by this treatment, the purified dye (8 g.) was brought 
into a finely divided state by dissolving in concentrated sulphuric acid and 
reprecipitating by drowning in water. When the wet cake was reduced 
with Raney alloy, reddish orange needles (5-3 g.), m.p. 120-5°, and p-ethoxy- 
benzoic acid (0-13 g.) were isolated from the products. The former sub- 
stance crystallized from alcohol and acetone in pink needles, m.p. 131-5- 
132°, identical with 4: 4’-diethoxydiphenacyl (V), m.p. 132°, prepared by 
Holleman™ through a series of reactions starting from phenetole. 


Cyclization of (V) by treatment with hydrochloric and acetic acids gave 
2: 5-bis-p-ethoxyphenylfuran (VI) in 92% yield. Attempting to deethylate 


ae I Son (VI) 


(Vv) 
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(V) by heating with pyridine hydrochloride, the product was 2: 5-bis-p- 
hydroxyphenylfuran (VII) by simultaneous ring closure and deethylation. 


Interaction of (V) with excess of p-chloraniline in the presence of a little 
acetic acid (cf., Buu-Hoi!) gave the corresponding pyrrole (VIII). 
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EXPERIMENTAL 
Reduction of Thioindigo 


Method A.—Durindone Red B 400 pdr. was purified by extraction with 
boiling water and then with boiling 5% hydrochloric acid, filtered, washed 
and dried. The purified dye (10 g.) and 10° caustic soda solution (100 c.c.) 
were mixed in a three-neck flask, fitted with reflux condenser and mercury 
seal stirrer. The mixture was heated on a water-bath to 90° and Raney 
alioy (10g.) was gradually added. After the addition of the alloy, the 
mixture was further heated on a boiling water-bath for 3 hours under stirring 
and then filtered. The unreacted dye (4-8 g.) was precipitated by aeration 
of the filtrate and filtered. The alkaline filtrate was then acidified by pour- 
ing into excess of concentrated hydrochloric acid. The acidified solution 
was ether extracted, and the ether extract after washing, was shaken with 
5°%% sodium bicarbonate solution. The sodium bicarbonate-insoluble sub- 
stance left after removal of ether was found to contain sulphur and was a 
sticky solid, which could not be crystallised. The sodium bicarbonate 
extract was acidified and the small quantity of precipitate which separated 
was collected and crystallized from water, when it gave colourless needles, 
m.p. 121°, undepressed when mixed with benzoic acid. The nickel residue 
was left overnight in dilute hydrochloric acid and then filtered. The filtrate 
was ether-extracted, when a very small amount of sulphur-containing oil 
was isolated. The nickel residue was finally extracted with benzene in a 
Soxhlet. The benzene extract on cooling gave 0-16 g. of the dye, which was 
separated and the filtrate gave on concentration pale pinkish needles (0-15 g.), 
m.p. 138-40°, identical with diphenacy]. 


Method B.—The purified dye (10g.) was reduced with Raney alloy 
(45 g.) in 10% caustic soda solution (450 c.c.) for 6 hours on a water-bath 
and the reaction mixture was worked up as above. The dye was completely 
reduced under these conditions. A small quantity of benzoic acid was 
isolated from the alkaline solution after removal of nickel residue. The nickel 
residue gave a mixture (3-7 g.) of a crystalline solid and a red oil. The oily 
portion was readily removed by means of ether. The ether-soluble oil 
(1:2 g.) which contained sulphur was distilled under vacuum when it gave 
three liquids having different boiling points. The ether-insoluble crystalline 
residue gave needles (1-2 g.) from alcohol, m.p. 143-5°, raised tom.p. 144-5° 
by recrystallization from the same solvent. The elementary analysis and 
the m.p. show that the reduction product is diphenacyl (Kapf and Paal,?* 
m.p. 144-S°) (Found: C, 80-3; H, 5-8. Calc. for C,,H,,0.: C, 80-7; 
H, 5:9%). It gave a bis-2:4-dinitrophenylhydrazone which crystallized 
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from acetic acid as a microcrystalline powder, m.p. 264° (decomp.) in agree- 
ment with the known  diphenacyl-his-2: 4-dinitrophenylhydrazone,” 
m.p. 265° (decomp.) (Found: N, 18-6. Calc. for CogHoNsOg: N, 18-7%). 
Like diphenacyl, the reduction product gives a green solution in concentrated 
sulphuric acid which turns red and fluorescent on heating. 


Method C.—When the dye (10g.) was finely divided by precipitation 
from sulphuric acid and then reduced as above, the desulphurized product 
was obtained in greater yield (4-5¢.). On macerating the product with 
ether and removal of the ether-soluble oil, diphenacyl was left as a crystal- 
line residue (1-5 g.). 


Method D.—The purified dye (10g.) was reduced with Raney alloy 
(60 g.) and 10% caustic soda solution (600 c.c.) for 7 hours on a water-bath. 
Benzoic acid (0-49 g.) was isolated from the alkaline extract of the reduc- 
tion mixture. The nickel residue gave a red oil (3-5 g.) which on distillation 
under reduced pressure yielded two fractions boiling at 160-200°/11 mm. 
and 260-300°/11 mm. The higher boiling fraction was found to be diphen- 
acyl. The lower boiling fraction (1-32 g.) gave colourless plates from alcohol, 
m.p. 49-52°, raised to 51-5-52° by recrystallization from the same solvent. 
The product was finally distilled when a colourless liquid, b.p. 162-5°/13 mm. 
was obtained, which quickly solidified on cooling to a white solid, m.p. 
51-5-52°, found to be identical with 1 : 4-diphenylbutane (Freund and Immer- 
wahr,!® m.p. 52°) (Found: C, 91-5; H, 8-5. Calc. for CygHys: C, 91-4; 
H, 8-6%). 


Reduction of Thioindoxyl 


Thioindoxyl melt (33-4g.), containing about 30% thioindoxyl, was 
dissolved in water, acidified and steam distilled. Caustic soda (90 g.) was 
added to the distillate (900 c.c.) and Raney alloy (45 g.) was added at about 
90°. After heating for 3 hours, the reaction mixture was worked up as 
described earlier. The nickel residue after acidification and ether extraction 
gave an oil (0-02g.), which did not yield a 2: 4-dinitrophenylhydrazone. 
The alkaline filtrate was ether extracted, when a red oil was obtained which 
was not identified. The alkaline solution was then acidified and the product 
which precipitated (0-8 g.) crystallized from water in colourless needles, 
m.p. 121°, undepressed when mixed with benzoic acid. 


Reduction of acetophenone 


Acetophenone (10 g.) was reduced with Raney alloy (30g.) in 10% 
caustic soda solution (300c.c.) for 3 hours on a water-bath. The nickel 
Tesidue gave a very small yield of an oil which was not examined. The 
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alkaline filtrate on ether extraction gave an oil (0-2 g.) which distilled between 
130-45° (b.p. of ethylbenzene 135°). The alkaline solution on acidification 
gave a product (0-12 2.) which crystallized from water and was identified 
as benzoic acid. 


Reduction of Durindone Orange R 


Durindone Orange R 400 pdr. was purified by successive extraction 
with boiling water and with boiling 5% hydrochloric acid, and was then 
employed for reduction. 


Method A.—The purified dye (8 g.) was finely divided by precipitation 
from concentrated sulphuric acid, and the wet cake was treated with Raney 
alloy (40 g.) in 10% caustic soda solution (400 c.c.) for 14 hours on a water- 
bath, when nearly all the dye was found to have decomposed. The mixture 
was worked up as usual. The dried nickel residue was extracted in a 
Soxhlet with benzene, and the benzene extract on cooling gave a small 
quantity (0-07 g.) of the less soluble original dye and a more soluble orange 
solid (5-3 g., yield 79°%), m.p. 120-5°, from the benzene mother-liquor. The 
orange solid on crystallization from alcohol gave needles (3-2 g.), m.p. 124-7°, 
which after four recrystallizations from alcohol and two recrystallizations 
from acetone yielded pale pink needles melting constantly at 131 -5--132°. The 
elementary analysis and the m.p. show that the substance is 4: 4’-diethoxy- 
diphenacyl (Holleman," m.p. 132°) (Found: C, 73-9; H, 6-8. Calc. for 
C.pH220,: C, 73:6; H, 6°8%). The substance gives an intense green 
solution in concentrated sulphuric acid which quickly changes to deep purple. 
The purple solution exhibits a deep blue fluorescence. On heating, the 
colour of the acid solution changes to purple, while heating to the boil gives 
a pale red solution. 


Concentration of the benzene mother-liquor, after separation of 4:4’- 
diethoxydiphenacyl, gave a small yield of an oil which distills between 
240-250°/10 mm. and remains to be identified. The alkaline filtrate, after 
removal of the nickel residue, did not yield any unreacted dye on aeration. 
It was then acidified and ether-extracted, and the ether extract shaken with 
5% sodium bicarbonate solution. The bicarbonate extract on acidification 
gave a white solid (0-13 g.), which crystallized from dilute alcohol in colour- 
less needles, m.p. 194-5°, undepressed when mixed with authentic p-ethoxy- 
benzoic acid. 


Method B.—Reduction of the purified dye (10g.) with Raney alloy 
(60 g.) in 10% caustic soda solution (600c.c.) gave p-ethoxybenzoic acid 


(0-08 g.), 4: 4’-diethoxydiphenacyl (3-27 g.) and a red oil which was found 
to be a mixture of several substances. 
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2: 5-Bis-p-ethoxyphenylfuran (VI) 


4: 4'-Diethoxydiphenacyl (1 g.) was refiuxed with a mixture of glacial 
acetic acid (20c.c.) and concentrated hydrochloric acid (l6¢c.c.) for 10 
minutes when a white solid separated. The mixture was diluted with crushed 
ice (20 g.) and the precipitate collected. The product (0-92 g.), m.p. 166-70°, 
crystallized from alcohol in colourless, shining plates, m.p. 176-7° raised to 
177-177-5°, by recrystallization from the same solvent (Found: C, 77:6; 
H, 6°4. CooH.9O3 requires C, 77:9; H, 6-°5%). The substance gives a 
greenish blue colour with concentrated sulphuric acid, which changes to a 
deeper blue on keeping and exhibits a purple colour in transmitted light. 
On heating, the acid solution changes to red violet. Solutions of the furan 
in organic solvents show faint violet fluorescence in daylight and more 
intense violet in ultraviolet light. 


2: 5-Bis-p-hydroxyphenylfuran (VII) 


Pyridine hydrochloride (2g.) and 4: 4’-diethoxydiphenacyl (0-5 g.) 
were heated at 200-20° for 34 hours. The mixture was diluted with water 
and the precipitate which separated was extracted with 5% sodium hydroxide 
solution. The alkaline extract was acidified and the mixture extracted with 
ether. The ether extract gave a brown powder (0°38 g.), m.p. 190-200°, 
which crystallized from dilute alcohol in colourless prismatic needles, m.p. 
207-10°, raised to 214—5° by recrystallization from benzene-alcohol (Found: 
C, 76:0: H, 4:9. CygH,,0, requires C, 76-2; H, 4-8%). The dihydroxy- 
diphenylfuran gives a red solution in concentrated sulphuric acid, having 
a bluish violet fluorescence. On heating, the colour of the acid solution 
changes to deep violet. Solutions of the furan in organic solvents exhibit 
a pale violet fluorescence in daylight and a more brilliant fluorescence in 
ultraviolet light. 


1-p-Chlorophenyl-2 : 5-bis-p-ethoxyphenylpyrrole (VIII) 


4: 4’-diethoxydiphenacyl (0-5 g.) and p-chloraniline (0-5 g.) were heated 
with a few drops of acetic acid at 140-60° for one hour. The product, 
m.p. 80-100°, was extracted with hot water. The water-insoluble portion 
was dissolved in ether; concentration and cooling gave colourless plates 
(0:55 g.), m.p. 130-2°, raised to 140-41° by three recrystallizations from 
n-hexane (Found: C, 75:4; H, 6:2; N, 3:2. CxgH,,CINO, requires 
C, 74-7; H, 5-8; N, 3-4%). The substance gives a red colour in con- 
centrated sulphuric acid, which on slow heating changes to green, blue, 
brown, violet, and finally brown on boiling. In organic solvents the pyrrole 
has faint violet fluorescence in daylight, much more intense in ultraviolet light. 
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SUMMARY 


The action of Raney alloy and aqueous alkali on thioindigo, 6: 6’- 
diethoxythioindigo and thioindoxyl has been studied with the result that 
a new method for the preparation of diphenacyl and its derivatives has 
become available. Other products which were isolated were benzoic acid 
and 1: 4-diphenylbutane; the latter was formed when excess of Raney alloy 
was used. 6:6’-Diethoxythioindigo gave 4: 4’-diethoxydiphenacyl (V) in 
79% yield and p-ethoxybenzoic acid. Thioindoxyl and acetophenone on 
similar treatment also gave benzoic acid. 


4: 4'-Diethoxydiphenacyl has been converted into 2: 5-bis-p-hydroxy- 
phenylfuran (VII), 2: 5-bis-p-ethoxyphenylfuran (VI) and 1-p-chlorophenyl- 
2: 5-bis-p-ethoxyphenylpyrrole (VIII). 
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1. INTRODUCTION 


Aut the three photo-elastic constants of diamond were first determined by 
the author (1947) from measurements on the relative and absolute changes 
of refractive index in specimens subjected to a linear compressive stress. 
Unfortunately, an error had crept into the measurements whereby the sign of 
the constants were reversed (West and Makas, 1948; Burstein and Smith, 
1948 5). It was therefore considered worthwhile to repeat the measurements 
and obtain fresh values for the piezo- and elasto-optic constants of diamond. 
The same three specimens of diamond (viz., N.C. 73, N.C. 60 and N.C. 85) 
from the collection of Sir C. V. Raman, as were used in the original determina- 
tion, were employed for the present study also. The method used was also 
essentially the same. It was found that the vertical and horizontal directions 
had been interchanged by mistake in all the previous measurements. Conse- 
quently the piezo-optic constants (q;;—4q12) and q4, have nearly the same 
magnitudes as found earlier, but both are negative and not positive. Further 
itis found that the individual values of q,, and q,, have to be revised. 


2. MEASUREMENTS OF RELATIVE RETARDATIONS 


As was mentioned in the earlier paper by the author. (1947), measure- 
ments made with a Babinet compensator for different directions of compres- 
sion and observation with three specimens yield the values of three linear 
functions of (q;:—412) and q44, denoted respectively by q, and q; for brevity. 
The mean values of these three functions found in the present study are 


(q, + 2q3)/3 = — 4:27 x 10- cm.? dyne-! 
(q, + 5q3)/6 =— 3:53 x 10" ez, 
q3 =—2:799x10" _,, 
The best values of g, and gz deduced from these are 
Qy= — 7:2 x 10-4, gg =— 2°8 x 10-4 cm.? dyne" 
Since only q,/3 and q,/6 occur in these functions, it is clear that there is a 


greater uncertainty in the value of q, than in that of gg. If a crystal could 
be found with its length along [100] then g, can be measured directly. 
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From the above, the elasto-optic constants are 


Pu — Piz = — 0°40, pag = — 0°12. 
The above constants are probably correct to 5%. 
3. MEASUREMENT OF ABSOLUTE PATH DIFFERENCES 


The interference method used earlier was adopted now also, but the 
fringes obtained with the silvered crystal were not photographed, but were 
observed directly with a micrometer eye-piece. The diameters of the rings 
were measured with the eye-piece and in this way a large number of readings 
could be obtained. The changes in path for the vertically and horizontally 
polarised rays were obtained by graphical interpolation and found to be 
— 0-053 A and + 0-052 A respectively for a load of 5 kg. with the mercury 
5461 radiation. The increase in thickness calculated from the elastic con- 
stants of Bhagavantam and Bhimasenachar (1946) was 94 A, so that the 
changes in path for the two rays were — 381A and + 193A respectively. 
The difference is thus 574A and as calculated from gq, and gq, it is 583A, 
which are in good agreement. These measurements give 


(911 + 912 + 4as)/2 = — 2°80 x 10-4 

(911 + 5412 — Faa)/6 = + 1°42 x 10-%4 
which together with (q;, — 4:2) =— 7:2 x 10-* 
lead to the following values: 

Guy — 5:0; x 10-* cm.? dyne"} 

he =+2:15x 10% _,, 

Qa =—2°8 x10" —r7 
From these, using the elastic constants, we get 

Pu = — 0°31, Pig = 4+ 0°09, pag =— 0°12 
The absolute values of g,, and q,. as also those of p,,; and p,, are expected 
to be accurate to 10%. 


4. DISCUSSION OF THE RESULTS 


The present values differ from those previously reported in that the signs 
of both (41; — G12) and gy, and the corresponding elasto-optic constants 
are negative. This means that diamond behaves as a negative uniaxial 
crystal for unidirectional pressures along the cubic and octahedral axes and 
as a negative biaxial crystal for stresses along the [110] or any other direction. 
It does not however follow that the sign of (dn/dp) is opposite to that reported 
earlier. This is because the absolute values of p,,; and py,» are different. 
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Actually it is found that dn/dp is negative, since (py, + 2p4,)/3 = — 0-04 
and pdn/dp has the value — 0-28. Such a negative value for dn/dp is to be 





expected since other highly covalent crystals like MgO (Burstein and Smith, 
1948 a) have negative dn/dp. Thus the value of A in the equation (Mueller, 
1935) 4 1) 0 
n n? — 1)(n? + 
- <= -—— A A! Ss NES Ih 
the "| (I — A) = 
were , 
ings is 1-10, as compared with~ 1-4 for MgO. 
lings R. S. Krishnan (1947), who obtained the Brillouin components in the 
tally scattering of light in diamond, found that the relative intensity of the longi- 
> be tudinal and transverse components did not agree with the value calculated 
cury from the theory of Leontowitsch and Mandelstamm, (1932) using the author’s 
con- previously reported photo-elastic constants. This discrepancy, however, 
the disappears with the present data. According to Leontowitsch and 
vely, Mandelstamm’s theory, the average intensities of the longitudinal and trans- 
3 A, verse components would be in the ratio of 
2 (Pr2°+ Pas?) Pa 
Cut Cye+ 24g Coa” 
With the present values of p,. and py, this comes out as 2:04: 3-35, so that 
there is no glaring discrepancy between theory and experimenis, as was 
present previously, the transverse component being the brighter of the two. 
The author is grateful to Sir C. V. Raman for the loan of the three 
diamonds used for the study. 
: SUMMARY 
The photo-elastic constants of diamonds have been redetermined and 
are found to be q,, = — 5°05, Gig = + 2°15, Jag = — 2°8 X 107 cm.? dyne=? 
and py, = — 0°31, py, = + 0-09, py, = — 0-12. These lead to a decrease in 
sted refractive index when diamond is subjected to a hydrostatic pressure. 
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ALLANITE (MADURA) 
By Pror. T. N. MuTHuswami, M.A., F.A.Sc. 


(Department of Geology, Presidency College, Madras) 
Received August 1, 1959 
OCCURRENCE 

THIS rare mineral has been found recently in Sirumalai in the Madura Dis- 
trict, Madras Presidency (Sheet 58 F/16). About 40 ibs. of the mineral have 
been collected. It occurs in a pegmatite band at the southern flank of 
Kavarkattumalai (long. 77° 56’ 30” and lat. 10° 16’ 30”). The occurrence 
is reached by taking a foot-path for a mile up to the base of the hill from the 
junction of the Puduchatram Road with the Trunk Road between Kodaikanal 
Road R.S. and Dindigul. This junction is about four miles from Kodaikanal 
Road Station. The rest of the distance is covered by climbing a height of 
1.700 feet from the foot of the hill by a track which ends blindly in the jungle. 
One has to make one’s own way up a steep gradient for the last 100 feet. 
It was therefore found possible only to take a traverse up to the southern 
flank of Kavarkattumalai, which is locally known as Kallisholai. 


GEOLOGICAL SETTING 


The Archean rocks of the region consist of bands of (i) quartz magnetite 
rocks with magnetite in subordinate quantities; (ii) garnetiferous biotite 
gneisses with coarse crystals of garnet 1 to 14 inches across at contacts with 
quartz veins; (iii) norite and pyroxenite. The bands strike N to NNE-S. 
to SSW. Quartz veins and dikes and lenses of pegmatites occur as intru- 
sives in the area; the pegmatite dike is nearly a hundred feet thick at 
Kallisholai. The felspar is flesh-red, reaches a size of one to two cubic feet 
and decidedly gives a red colour to the pegmatite. Graphic inter-growth 
with quartz is common. Mica is light green. Allanite is also present. 


MINERALOGY 
The following is a general description of this allanite: 


Physical Properties——Colour: black to velvet black; lustre pitchy 
with dull black patches; streak brownish grey; fracture subconchoidal to 
conchoidal; H =5-5 to 6; G =3-46. 

The mineral fuses easily in the blow pipe flame with intumescence giving 
a black slag. 
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Optical Properties—The refractive index was measured in sodium light 
by immersion liquids at room temperature 32° C. 

Colour: brown showing a net-work of cracks. 

Index of refraction: 1-691. 

Mostly isotropic under crossed nicols with slightly birefringent grains. 


The specific gravity 3-46 which is less than that of commonly described 
allanite (3-5 to 4-2) is due to hydration. The specific gravity may even 
reach 2:5 by hydration as reported by Turner. 


CHEMICAL COMPOSITION 


Qualitative chemical tests show that considerable amounts of iron and 
silica with calcium and cerium are present. Traces of germanium are also 
noted by spot tests. A quantitative test of some of the constituents is given 
below: 


% Thorium as ThO, .. a - oe Ieee 
Approximate % rare earths mainly cerium earths 18-0% 
Approximate 94 calctum as CaO e - wee 
Approximate % silica an ag vo 
H.,O rs am - ie -« ae 


The physical properties given below, of allanite from Western Australia, 
agree closely with those of the mineral under study: 
Sp. gr. = ji ome 
a - 7 .. 1°692 
In thin section yellowish-green and isotropic. 
The 8 ray activity indicates 1-359 equivalent uranium content. 


A spectrographic analysis of a sample shows that of the rare earths, 
cerium is present in a major portion with traces of didymium, yttrium and 
uranium, 


H. Winchell who examined the specimen writes that neither this nor 
any of the known allanites in Yale University collections gave any X-ray 
pattern. 


The mineral occurs in pegmatites in massive to platy forms and in lumps 
weighing 5 lbs, and more, 
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RAMAN SPECTRUM OF POTASSIUM CHLORATE AND 
ITS TEMPERATURE VARIATION 


By C. SHANTA KUMARI 
(From the Department of Physics, Indian Institute of Science, Bangalore) 


Received June 26, 1950 
(Communicated by Prof. R. S. Krishnan, F.A.sc.) 


1. INTRODUCTION 


Tue Raman spectrum of potassium chlorate was first investigated by Krishna- 
murthy (1930) in the form of crystal powder and later by Venkateswaran 
(1938) and Hibben (1939). Hibben recorded the maximum number of Raman 
lines including two low frequency lines. The observed frequency shifts 
are 125, 179, 478, 493, 620, 915, 930, 975 and 1025 cm From a com- 
parison of the Raman spectrum of potassium chlorate as reported by the 
earlier workers with that of sodium chlorate (Shanta Kumari, 1948), it is 
evident that the data on the lattice spectrum of the former are very meagre. 
Hence it appeared desirable to reinvestigate the Raman spectrum of 
potassium chlorate using a single crystal. As potassium chlorate is found 
to be transparent to ultra-violet, the 42537 mercury resonance radiation 
has been used as exciter for this study. The temperature variation of the 
Raman spectrum is also investigated and the results are presented in this 
paper. 

Specimens of single crystals of potassium chlorate used in the present 
study were obtained by the method of slow evaporation from aqueous 
solution of the pure chemical. They were in the form of flat plates of size 
10x 5x 2mm., parallel to the c(001) plane. The exciting radiation was 
incident on the c (001) face of the crystal and the transversely scattered light 
was taken through the edge. Using a medium quartz spectrograph and a 
slit-width of 0-025 mm., exposures of the order of two hours were sufficient 
to get reasonably intense spectrograms. Photographs were taken with 
exposures of the order of 36 hours but they did not reveal any new features. 
During long exposures a disturbing effect was noticed, namely, the portion 
of the crystal facing the intense portion of the arc became frosted due to 
heating and consequent decomposition in spite of the efficient cooling by 
fan. Hence, while taking long exposure photographs, fresh crystals were 
used once every six hours. In replacing the crystals, care was taken to 
see that the same orientation was adopted. 
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2. RESULTS 
A photograph of the Raman spectrum of potassium chlorate taken at 
room temperature and its microphotometric record are reproduced in 
Fig. 1. The positions of the lines are marked in the figure for clarity. The 
frequency shifts are listed in Table I. The figures given in brackets repre- 
sent the visual estimate of the relative intensities of the lines. The spectrum 
recorded by the author exhibits five lines due to the internal oscillations of 


TABLE I 
The Raman spectrum of potassium chlorate 




















Internal oscillations Lattice oscillations 

KC1O, KCIO, NaClO; 

486 (6) 54 (3) 70 

620 (1) 82 (3) 83 
} 103 | 
| 920 (1) Lt 98 (5) 122.7 | 
930 (10) 3 | 31 | 
975 (7) | 136 (4)) 127 179 

» 145 








the chlorate ion and five lines due to the lattice oscillations. The appear- 
ance of the lines 179, 493 and 1025cm.~? with zero intensities reported by 
Hibben could not be confirmed by the author. In the lattice region, four 
new lines 54, 82, 98 and 145 cm.-! have been recorded. Of these, the doublet 
127-45 is broad. The sharp line 82cm. is more clearly seen on the anti- 
stokes side than on the stokes side. The lines 54 and 620 cm! and the 
doublet nature of the lines 136 and 930cm.-* were more easily discernible 
in a lightly exposed picture taken with a finer slit width. 
3. DISCUSSION 

Potassium chlorate crystallises in the monoclinic prismatic class without 
water of crystallisation. According to Zachariasen’s analysis (1930) of the 
crystal structure of potassium chlorate, the smallest unit cell contains two 
molecules of KCIO;. The three oxygen atoms are unsymmetrically situated 
around the chlorine atom forming a distorted ClO; group. The correct 
space group is C*,,. For this structure, there should be nine lattice oscilla- 
tions in the Raman spectrum of potassium chlorate as shown below. 


T’ and R’ represent respectively the translatory type and rotatory type 
of lattice oscillations and T represents the translation of the lattice as 4 














45 A ROT Aertera OAWs 








at 


he 


oO 
. 


of 











Raman Spectrum of Potassium Chlorate 























TABLE II 
C*2h bE Ce z ch fi x R’ Raman yr | 
| Ay 1 1 1 1 0 4 1 p f | 
| Ao 1 —] 1 — 0 2 2 p } 
| B, l » = “ 1 1 9 f > 
By 1 -l =l l 2 2 1 f , 
| UR(s) wal 4 0 0 4 | 
UR(s-») ee 2 0 0 2 | 
A Xg(T) + a ae ' | 
X(T") > a , . ‘ 
kX, (R’) 6 0 0 we | 


| | 
whole. Of the nine Raman active modes, five come under the symmetric 
class A, and four under class A,. Again, six should belong to the trans- 
latory type and three to the rotatory type. The recorded spectrum of 
potassium chlorate shows only five lattice lines of which the line 98 cm. 
is most intense. The Raman spectrum of the crystal was photographed 
for three different orientations of the crystal. The line 98cm! exhibits 
marked variations in intensity with different orientations and is also found 
to be highly polarised. This fact suggests that this lattice line should be 
attributed to the only rotatory oscillation which comes under the symmetric 
class A,. The doublet 127-45cm. has a mean value of 136cm. which 
also coincides with the sum of the other two lattice lines 54 and 82cm. 
It seems probable that there is only one lattice oscillation with this frequency 
in the spectrum of potassium chlorate which splits into 127 and 145 cm! 
by Fermi resonance. In Table I are also included the lattice lines of sodium 
chlorate for comparison. It can be seen that the ratio between the highest 
frequency shifts in the two cases, namely 136 and 179 cm.-}, is inversely pro- 
portional to the square root of the mass of the cations. The widths of 
these two lines are also appreciable. Hence they may be attributed to the 
mutual oscillations of the chlorate ions against the metallic ions in both cases. 

Internal frequencies.—As is well known, the chlorate ion in the free 
state possesses four fundamental vibrations active in Raman effect, namely 
930, 975, 615 and 478cm.-! with degeneracies 1, 2, 1 and 2 respectively. 
These four lines are observed in the spectrum of the crystal with nearly the 
same frequency. It is surprising to note that the doubly degenerate lines 
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478 and 975 of the free chlorate ion are not split in the spectrum of the crystal 
in spite of the lower symmetry of the crystal. This suggests that the 
influence of the potassium ion on the vibrations of the chlorate ion is small 
in the crystalline state. The line at 930cm.-! due to the symmetric oscilla- 
tion, is found to have in the crystal a feeble companion at 920cm.! This 
splitting may be attributed to the fact that there are two molecules in the 
unit cell. 
4. EFFECT OF TEMPERATURE 


Using the same ultraviolet technique, the Raman spectrum of potassium 
chlorate was photographed at a series of ten different temperatures, namely, 
90, 258, 297, 343, 398, 420, 453, 483, 520, 563 and 603° K. and the variations 
in the position and width of the prominent Raman lines were studied. With 
a slit-width of 0-025 mm., exposures of the order of two hours each were 
given. In order to demonstrate clearly, the effect of temperature on the 
Raman spectrum, two pictures, one with the crystal held at 603° K. and the 
other at 90° K. were taken side by side under identical conditions on 
the same photographic plate using a Hartmann diaphragm. This spectrum 
is reproduced in Fig. 2. The variations in the position and width of three 
prominent Raman lines 98, 136 and 975cm. are graphically represented 
in Figs. 3,4 and 5. Unlike the case of sodium chlorate (Shanta Kumari, 
1950), the symmetric oscillation with frequency shift 930cm. shows a 


definite shift in position. The line 486cm.~! does not show any appre- 
ciable shift. 
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The total changes in frequency shift and approximate width of these 
lines together with the proportional change in the two ranges of temperature 
from 90 to 297° K. and from 297 to 603° K. are entered in Table III. 


TABLE III 


Total shift and proportional change in the position of Raman lines 
in potassium chlorate 











From 90° to 297° K From 297° to 603° K Breadth | 
Raman —————_——— .| 
in -1 | | 
—_— Shift — | spite | _ 1 dv «At 290° K |At 603° K 
cm.7! = o- dT | cm-t | de a ar jes? | cm 
} | 
98 4 | 197-2 x 1076 il 266-8 x 1076 10 22 
136 3 106-5 x 1076 8+5 204-3 x 10-8 17-2 | 36 | 
930 1-2 | 6-27 x 1076 3 10-6 x 10-8 12 | 98 
975 2 5-5 x 1lo-é 5+5 18-45 x 1076 7 22 





As in the case of other crystals it is found that the proportional change 
x=- ao is different for different Raman lines and for a single Raman 
line, it is higher at higher temperatures. The graphs show that the varia- 
tions in frequency shift and width for the . individual Raman lines are 
similar in nature. This suggests that the two effects of temperature, namely, 
decrease in frequency shift and increase in width of the Raman lines are 
closely connected to one another as indicated by Sir C. V. Raman (1947). 


According to Madan (1886), a change of structure is supposed to take 
place when potassium chlorate is heated to about 250°C. But Lord 
Rayleigh (1922) who investigated the optical properties of the crystal at this 
temperature was of the opinion that the change of structure brought about 
by heat was macroscopic in character and did not in any way alter the crystal 
symmetry. In order to settle this issue, the author photographed the Raman 
spectrum of potassium chlorate with the crystal maintained at the tempe- 
ratures 225, 247 and 280°C. respectively. The recorded spectra did not 


indicate any change of crystal structure, thus supporting the conclusions 
arrived at by Lord Rayleigh. 


I wish to place on record my deep indebtedness to Professor R. S. 
Krishnan for many helpful suggestions and encouragement, 
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(a) Raman spectrum of Potassium chlorate 


(b) Its microphotometer record. 





Raman spectrum of potassium chlorate taken with Hartmann diaphragm 
I s 


taken with a medium quartz spectrograph. 
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5. SUMMARY 


Using the A2537 radiation of mercury are as exciter, the Raman 
spectrum of a single crystal of potassium chlorate has been photographed. 
The spectrum exhibits 10 Raman lines of which 4 lattice lines 54, 82, 98 
and 145cm.~? have been recorded for the first time. 


The variations in the position and width of the prominent Raman lines 
have been studied at ten different temperatures ranging from 90° to 603° K. 
The value of the proportional change is found to be different for different 
Raman lines and is higher at higher temperatures. No change in the crystal 
symmetry is noticed throughout the temperature range investigated. 
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1. INTRODUCTION 


IN continuation of the work on the Raman spectra of crystalline tartrates 
(Padmanabhan, 1948, 1950), the author has studied for the first time the 
Raman spectrum of crystalline sodium ammonium tartrate (NaNH,C,H,0O,, 
4H,O). The A 2537 radiation of the mercury arc has been employed for 
excitation. 

Single crystals of sodium ammonium tartrate were obtained by the 
usual process of crystallisation from an aqueous mixture of molar quantities 
of tartaric acid and sodium carbonate which was neutralised with ammonia. 
The specimens grown were of small size (6x22 mm.) and the faces were 
not well developed. Using such small specimens, the spectrograms taken 
were not as intense as could be desired. 


2. RESULTS 


In the spectrum of sodium ammonium tartarte thirty-three Raman 
lines have been identified. Their frequency shifts are entered in Table I. 
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Microphotometric record of the Raman spectrum of sodium ammonium tartrate 
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All the Raman lines are marked in the microphotometric record reproduced 
in Fig. 2, while only the prominent ones are indicated in Fig. 1. The 
mercury lines are indicated separately by the symbol A. For purposes of 
comparison, the values of the frequency shifts of the Raman lines of 
crystalline sodium tartrate and ammonium tartrate (Padmanabhan, 1948, 
1950) are also included in the same table. 














TABLE I 
sod | | 
con ol Ammonium | Sodium tartrat 
tartrate oy ate 
tartrate | 
48 | 64 42 | 
78 
| 95 83 
115 110 
146 136 134 
169 168 
189 193 188 
215 215 / 205 
245 248 
269 279 
294 302 
| 355 353 
478 488 | 
538 537 5 532 
708 703 697 | 
808 805 813 
848 840 | 840 | 
891 901 893 
924 920 917 
956 988 | 990 
1037 
106 1073 1072 
1114 1103 1112 
1128 
1163 1192 
1210 1215 1209 
1244 1265 1247 
1282 1287 
1313 
1344 1334 1352 
1363 1364 
i:.81 1388 281 
1413 1407 1404 
1439 1445 1432 
1465 1468 1463 
1493 | 1493 1496 
1564 1560 
1598 1579 1585 
1607 1604 
1630 
| 2781 
2934 2917 2935 
2968 | 2945 2981 
3022 
| 3160 
2378 3285 
| 343u 
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As is to be expected, a close similarity is noticeable between the internal 
frequencies of the tartrate ion of the three tartrates. The appearance of the 
two lines due to linear C-H oscillation with different frequency shifts in 
the three substances (2934 and 2968 in sodium ammonium tartrate, 2917 
and 2945 in ammonium tartrate, and 2935 and 2981 in sodium tartrate) 
suggests that the frequencies due to C-H oscillations are influenced by 
cation substitution. Unlike the other tartrates, the lattice spectrum of 
sodium ammonium tartrate contains only a small number of Raman lines, 
namely four. If one examines the lattice spectra of all the tartrates, two 
lines stand out very prominently in every one of them. Their frequency 
shifts are tabulated below: 


TABLE II 
| : ; ~ | 
. cal Q,. NaoC | Na . Fr» (9 | 
we, |ewmascansog| EERO] eg | MEGA | ELEY | 
2 | 
f | 
l 64 48 | 42 38 33 | 
| | 
2 136 | . 146 134 132 153 
| | { 





It is interesting to point out that the frequency shift of the first line 
decreases progressively with increasing atomic weight of the cation indicating 
thereby that this particular line arises from the oscillations of the cation 
and anion. The frequencies due to the second line is much less affected 
by the presence of the cation. This suggests that this line may be due to 
the oscillations of the tartrate ions in the lattice. 


An examination of the spectrum of sodium ammonium tartrate reveals 
that the only Raman line which could be definitely attributed to the internal 
oscillations of the NH, ion is the one at 1363cm.-! The other oscillations 
are evidently too weak to be recorded. 





I am grateful to Professor R. S. Krishnan for his suggestions and 

encouragement. 
SUMMARY 

Using 42537 resonance radiation as exciter, the Raman spectrum of 
crystalline sodium ammonium tartrate has been recorded for the first time. 
The spectrum exhibits thirty-three Raman lines. The observed frequency 
shifts are compared with those of ammonium tartrate and sodium tartrate. 
The internal frequencies of the NH, ion are found to be suppressed in the 
spectrum of the mixed tartrate. 
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INTRODUCTION 


In the previous part we have presented the results of our investigations on 
acid hydrolysis of ethy! acetate in dioxan-water and acetone-water systems. 
The interesting results obtained therein and also the fact that there are still 
some aspects of the mechanism of the reaction which require elucidation, 
made it worth while studying alkaline hydrolysis of the ester in the same 
series of solvent mixtures. 


The abstract of a paper by Huang and Hsieh‘ on the saponification of 
methyl acetate indicated that the reaction rate increased with increasing 
dioxane content of the solvent and that the rate constant varied linearly with 
the mole-fraction of dioxane. This evidently means that the reaction velocity 
is increased by a decrease in dielectric constant. Moelwyn-Hughes® has 
cited this work while dealing with ion-dipole reactions. Glasstone, Laidler 
and Eyring,* on the other hand, have treated alkaline hydrolysis as a reaction 
between dipoles and have used the results of Fairclough and Hinshelwood? 
on benzoic esters in alcohol-water mixtures to demonstrate the linear varia- 


tion of log k with y which is characteristic of dipole-dipole reactions. 


—1 
2D +1’ 
Reaction velocity is found to be decreased by decrease of dielectric constant. 
It is easily seen that these two treatments with their respective experimental 
evidences run counter to each other. This situation calls forth fresh attempts 
to throw more light on the mechanism of the reaction and the influence of 
solvent on the reaction rate. In the present study, an effort has been made 
to vary the dielectric constant over a wide range, but high percentages of 
organic solvent had to be excluded owing to the limitations imposed by the 
very low solubility of sodium hydroxide in such media. 





* Part of a thesis of P.M.N. approved for the M.Sc. Degree of the Madras University. 


187 


AS 











P. Madhavan Nair and S. V. Anantakrishnan 


RESULTS AND DISCUSSION 


A summary of the results obtained are presented in Tables I and II and 
show the variations of k-values with solvent composition. 


Figs. 1 and 2 


























TABLE I 
Second order velocity constants in dioxan-water 
Temperature in degrees Centigrade 
Solvent composi- 
tion volume % 30 | 40 
dioxan shia 
Dielectric x 102 Dielectric | Bx 102 
constant | constant 
ee. eS ae ee. See 
0 | (76-8) | 16-20 | 73-12 | 28-12 
10 | 67-76 | 16-67 | 64-49 | 28-45 
20 | 58-80 | 12-79 | 56-84 | 26-17 
| 
30 | 50-43 | 11-22 | 47-05 | 22-01 
| | | 
40 | 41-80 | 10-07 | 39-54 | 18-72 
50 | 33°51 | 8-58 | 31-66 | 16-01 
60 | 25-58 | 7-434} 24-11 | 13061 
| 
TABLE II 


Velocity constants in acetone-water mixtures 








‘Temperature in dezrees Centigrade 











Solvent composi- 
tion volume % 30 | 40 
acetone 

mama car [ie aa 
0 (76-8) 16-20 | 73-12 28-18 
10 72-31 15-48 | 68-95 28-96 
20 67-75 13-99 | 64-60 24-02 
30 62-70 | 11-51 | 59-80 | 19-50 
40 57-6 9-791 | 54-99 16°47 
50 51-98 7-952 | 49-62 13-27 

37°69 
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With both solvent mixtures, it is observed that there occurs a maximum 
in the region of 10% organic solvent excepting in the case of acetone-water 
mixtures at 30°C. where there is a progressive reduction in reaction rate 
with increasing amounts of organic solvent. The behaviour here observed 
in dioxane-water mixtures differs from that found by Huang and Hsieh 
in the following important respects :— 


(i) Instead of a continuous increase with increasing amount of dioxane 
(i.e., with decreasing dielectric constant), the velocity constant begins tine” 
fall when the dioxane content exceeds a certain value. (ii) Also, the com- 
position range over which the velocity increases is found to be much smaller. 


The variation observed seems to suggest that the reaction is one between 
ion and dipole in compositions below 10% and between dipole and dipole 
for compositions above 10%, if dielectric constant is considered to be the 
major factor affecting the reaction rate. Since there can be no doubt about 
the indispensability of the hydroxyl ion for the formation of the transition 
complex, the remarkable change in trend of the rate constant necessitates a 
detailed examination of the exact role of the water molecule in alkaline 
hydrolysis. All aspects of the problem will be more fully considered in Part V. 


While recognising the limitations of observations at only two tempera- 
tures, it is nonetheless useful to compute the parameters of the arrhenius 
rate equation. The experimental activation energies and the frequency 
factors are given in Table III. 

TABLE III 


Activation energies and frequency factors 





{ 
Dioxane Water Acetone Water 
Volume % of 


organic solvent E ony E or mongd 
Logyo PZ| Kilocals. | rag. PZ 





Kilocals, 





0 10-42 6-73 | 10-42 6-73 
10 13-78 9-08 | 11-80 7-70 
20 13-48 8-83 | 10-18 6-49 
30 12-69 8-21 9-93 6-22 
40 12-19 7-79 9-79 6-06 
50 11-74 7-41 9-95 5-86 


60 11-39 7-09 
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Excepting for the sharp increase when the solvent composition changes 
from 0% to 10% organic solvent, variations of both E and PZ values with 
composition are quite gradual. Fig. 3 shows that unlike in the case of acid 
hydrolysis the variations in activation energy in the two series of solvents 
are quite similar. 
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Fic. 3. Variation of E with composition 


I. Dioxane-Water Mixtures 
Il. Acetone-Water Mixtures 


Fig. 4 illustrates the variation of log PZ values with composition and brings 
out the remarkable parallelism between and trends of E and PZ values. 
Fairclough and Hinshelwood have shown, from statistical considerations, 
that the frequency factor (PZ) is a function of the characteristic frequency 
of the bond involved in a reaction and obtained a linear relationship between 
logy PZ and 1/4/E in a number of cases. Davis and Evans have observed 
a similar behaviour in the case of several aliphatic esters, the substituents 
being responsible for changes in activation energy. Fig. 5 shows the plots 
of 1/4/E against log,, PZ for the present investigation. It is seen that they 
yield fairly linear plots. | Combining these observations, it seems as though 
the behaviour referred to is independent of the agency (substituent or solvent 
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change) that brings about changes in energies of activation and offers further 
support to the interpretation given by Fairclough and Hinshelwood. 


EXPERIMENTAL 


The materials used in the study were purified by the same procedure as 
described in the previous part. 


Velocity Measurements.—The reaction vessels used were 100 ml. or 50 ml. 
Pyrex reaction bottles with specially ground stoppers. They were tested for 
evaporation losses by putting acetone in them and keeping for a month. 
The loss in weight was found to be negligible. 


Owing to the fastness of the reaction, it had naturally to be studied at 
lower temperatures than in the case of acid hydrolysis and hence the tempe- 
rature control possible was much better, the fluctuations being within 
+0-005° C. 


Ester solutions were prepared as described in Part III. 


The alkaline hydrolysing agent was prepared in a similar way. The 
requisite amount of a previously standardised sodium carbonate-free sodium 
hydroxide solution required to make 100 ml. of N/10 solution was run into 
the appropriate volume of organic solvent taken in a 100 ml. standard flask 
and enough water added to bring the level a little below the neck. After 
allowing sufficient time (with occasional shaking) for the contents to attain 
room temperature, the solution was made up to the mark with water and 
well shaken. 


The flasks containing ester solution and the hydrolysing agent were 
immersed in the thermostat and left for four hours for attainment of tempe- 
rature equilibrium. The strength of the alkali solution was then determined 
by titration in order to evaluate the solvent expansion correction. The 
same correction was also applied to the ester solution. 50 ml. (or 25 ml.) 
or the alkali solution were transferred by means of a standard pipette into 
a 100 ml. (or 50 ml.) reaction bottle which was also kept immersed in the 
bath. After allowing a little more time to compensate for slight temperature 
changes, 50 ml. (or 25 ml.) of the ester solution were added to the alkali 
solution with a standardised rapid delivery pipette. The bottle was 
stoppered, taken out, well shaken and returned to the bath as quickly as 
possible. The instant of half-delivery of the ester solution was taken as 
zero time. The reaction was followed by withdrawing 10 ml. (or 5 ml.) 
samples of the reaction mixture and running them into 10 ml. (or § ml.) lots 
of N/20 HCI and titrating the excess of acid against N/40 barium hydroxide, 


Al 
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with bromo-thymol blue as indicator. Time was noted by a standardised 
stop-watch graduated to 0-2sec. A second stop-watch of the same quality 
was employed for determining the reaction times for the samples accurately, 
Just before taking a reading, the second stop-watch was started at a definite 
time read in the first one. The second watch was stopped at the instant of 
half-delivery of the sample and the reading noted. The sum of the two gave 
the time for the particular sample. Half-deliveries were marked on the 
pipettes with a vibro tool. Typical runs are given in Tables IV and V. 


The velocity constants were calculated from the equation for a second 
order reaction. 


k(a — b) t =2-303 [lB 2 -+ logie ¢ maa 








b— 
TABLE LV 
Alkaline hydrolysis of ethyl acetate in acetone-water mixtures at 30° C 
a 
ED. 
== oe ae & 
a § Strength | Strength = 3 o8 
... ° of alkali | of ester oa 3 3 
Re 
& °o 





| 327-0 | 437-5 580-0 | 695-4 





sec. ¢ | 











| 
Time in | 96-0 | 213-8 


0 | 0.0497 N| 0-0475 N| 20-15 | Titre of | 8-55 | 
| reaction | 
| mixture | | | | 


11. aa 14-29 15-10] 16-20) 16-65 


| Vz | | | 














| -¢~—- | 89-0 | 214-2 | 327-0 | 441-0 | 562-6 | 692-4 














10 | 0-0499 N| 0-0474 N| 20-20 |---| * 
| | Ve | 8-05! 12-15} 1405] 15-02} 16-00, 16-50 
|  ¢ | $20 | 210-0 | 329-8 | 445-6 | 579-8 | 723-0 
Ve | 7-70} 11-60} 13-80} 14-90] 15-75) 16-55 








t 103-2 | 208-8 | 332-2 | 447-8 | 572-0 | 719-2 








| 

ree 
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| 

| | 
20 | 0-0497 N | 0-0476 N | 20-20 | 

| | 

| 

| 

| 




















30 | 0-0497 N | 0-0476N | 20-15 
| | Ve 7:45 | 10-72, 13-15} 14-25] 15-10) 16-00 
| £ | 73-5 | 213-0 | 327-5 | 435-0 | 552-1 | 648-9 
40 | 0-0497N | 0-0486 N| 19-70 | L 
| | Ve =| 560 | 9-85) 12-13] 13-30] 14-15, 14-80 
| t 93-0 | 200-0 | 308-0 | 441-5 | 587-0 | 727-8 





50 | 0-0496 N | 0-0490N _ 20-20 —-——|——_—_|- - — 
Vi | 5+*70 | 9-05! 11-30) 12-90} 14-10, 15-20 


t 77°2 | 187-0 296-4 | 409-4 | 521-2 652-6 

















|- _—- 
Vz 4:00 | 7-45} 9-70, 11-30) 12-50) 13-40 
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Alkaline hydrolysis of ethyl acetate in dioxan-water mixtures at 30° C. 










































































| us 
xs a Be 
~2 | Strength | Strength | 5S 2 | 
32 | of alkali | of ester | Ga | 
+ a) | pA a 
32s 
ial 30 | 
| | | | 
| | t 96-0 | 213-8 | 327-0 | 487-5 | 580-0 | 695-4 
0 | 0-0497 N|0-0475 N| 20-15 |Titre for | 8-55) 11-35) 14-25] 15-10 16-29 16-65 
Vz 10 mi. 
| lof react ion| | 
| | | mixture | 
| ¢ | 86-0 | 182-0 | 269-3 | 362-4 | 450-8 | 550-0 
10 | 0-0503 N | 0-0489 N | 19-70 | | 
| | Ve | 7-65] 11-10} 13-0 | 13-95) 14-50| 15-50 
| | ¢ | 90-8 | 181-2 | 275-0 | 384-4 | 478-4 | 585-4 
20 | 0-0497 N | 0-0487 N | 19-70 | 
| * 7°45) 10-55| 12+55| 18-80} 14-60) 16-35 
—|—$—$ | ——— ——__| | 
| 4 100-2 | 180-6 | 260-5 | 350-3 | 435-0 | 561-8 
30 | 0-0498 N | 0-0489 N| 20-60 
| Ve 7+72| 10-40} 12-50} 13-70) 14-45] 15-53 
| | | ¢ | 94-2 | 175-6 | 281-2 | 364-0 | 445-0 | 550-6 
40 | 0-0481 N | 0-0493 N | 20-60 | —— 
| Ve 7-30, 10-10} 12-55] 13-65] 14-35] 15-40 
—_——_—_ —_— | | | 7 
| | ¢ | 84-0 | 166-0 | 246-8 | 397-8 | 470-2 
50 | 0-0495 N | 0-0486 N | 20-65 | | 
Vv; 5-751 8-75 10+70| 22+30) 13-65). 
| ¢ | 91-5 | 190-5 | 306-2 | 404-2 | 489-9 | 633-2 
60 |0-0497 N 0-0495 N| 19-70 | | | 
vi 5+25| 8-20} 10-55] 11-75! 12-65) 13-55 














where a and b are alkali and ester concentrations and x the fraction hydrolysed 
ieitaas 

-— 

lated from the slope of the straight lines obtained. This procedure for 

calculation eliminated any error in the noting of zero time. Fig. 6 gives a 


a — * against t 
b—x x : 





at time ¢. Values of logy - were plotted against t and k-values calcu- 


sample of the plot of logis 





SUMMARY 


The alkaline hydrolysis of ethyl acetate in dioxane-water and acetone- 
water mixtures have been studied. The trend of the reaction rate shows 
a maximum in the region of 10% organic solvent except in the case of acetone- 
water mixtures at 30°C. A close parallelism is observed in the variations 
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of both E and log,) PZ values in the two series of solvent mixtures. Also, 
the PZ values have a marked tendency to follow changes in energies of 


activation. 
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RECENTLY developed methods of determining sound velocities in the sonic 
and ultrasonic regions have resulted in interesting observations being made 
in respect of certain substances. For instance, Druyvesteyn (1941) found 
that the velocity of sound shows a considerable variation in B brass accord- 
ing to the mechanical and heat treatment received by the specimen. Bordoni 
(1947) found that the sound velocity when plotted against the percentage 
impurity in aluminium in the range 100-99% aluminium shows a marked 
minimum at the 99-65% composition. Such investigations, when pursued 
in detail, are likely to be of interest from the point of view of both the 
technical and the academic aspects of metallurgy. Somewhat similar results 
were reported by Bez-Bardili (1935) with regard to the velocity of ultrasonic 
waves in aluminium. The following values are taken from his work: 


Frequency... -- Mejsec. 5:23 8-52 18-00 
Ultrasonic velocity .. m/sec. 5880 6150 6330 


A marked dispersion of ultrasonic velocity (7-6%) in aluminium as we go 
from 5 to 18 megacycles is thus indicated. From another paper of Bez- 
Bardili (1935), it appears as if there is dispersion in copper and brass also. 
Certain preliminary investigations carried out at the Physics Department 
of the Andhra University, but unpublished, showed that no such effect 
could be established at least in the case of brass, if errors arising from the 
presence of boundaries and other similar causes are suitably eliminated. 


The present investigation is taken up with a view to apply the newly 
developed wedge method of determining ultrasonic velocities to this problem 
and bring out the significance of coupling effects due to finite size in such 
studies. Experimental details of the method have been described in several 
eirlier communications and will not be repeated here. A _ piezoelectric 
wedge is used as the source for ultrasonic waves and the Debye-Sears diffrec- 
tion patterns are used to detect transmission frequencies. It is well known 
that thickness longitudinal vibrations in the case of a plate travel with a 
velocity which depends on the effective elastic constant and the density alone 
if the plate is of unlimited size. The velocity, unaffected by the boundaries, 
may thus be determined, in strict accord with theory only if we use infinitely 
extending plates, but this is not practicable. Use is, however, made of the 
fact that optimum thicknesses and sizes which reduce the boundary effects 
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to a minimum can be evolved. Several preliminary experiments have been 
performed by us in this direction and we have found that 2-inch square 
plates with thicknesses in the neighbourhood of 2 millimetres exhibit charac- 
teristics quite close to what may be expected of infinitely extending plates 
when we are working in the range of 1 to 10 megacycle frequencies. If the 
plate is too thin, flexural oscillations complicate the results and if the plate 
is too thick, the wavelength in the lower harmonic range becomes com- 
parable to the lateral dimensions. The thickness of the plates used by us in 
the present investigation is worked up to being uniform to within 1 in 100, 
Our observations are in agreement with what has been recorded by Cady 
(1946) in his book, namely, ‘* With thickness vibrations, this source of error 
is eliminated by observing at a high harmonic frequency. The lateral dimen- 
sions of the plate should be sufficiently great to avoid coupling with other 
modes and to permit the use of the theory of infinite plates. A safe minimum 
value for the ratio of lateral dimensions to half wavelength is perhaps 20.” 
Results for three different thicknesses of aluminium and brass plates of the 
same size (2” square) are given below. 
































Aluminium 
| | | 
Thickness | No. of Frequency | Frequency/ - i. Velocity of Mean velocity 
of platecm. | harmonic ~ mce./sec. mc./sec. |sound m./sec. 
| | | 
| | 
4 5-118 1-279 | 6446 
5 6-476 1-295 6527 
252 6 7-713 1-286 6480 6492 
7 9-044 1-292 6512 
8 | 10-310 1-289 6495 
4 6: 384 1-596 6480 
203 5 8-070 1-614 6552 6525 
6 9-672 1-612 6543 
| 4 8-396 2-099 6548 aia 
— 5 10-460 2-092 6522 — 
Brass 
| | | 
4 | 3-898 | +9745 | 4542 
5 | 4+858 | -9716 | 4530 
+238 6 5-812 - 9687 4516 | 4528 
7 | 6-781 | - 9687 4516 
8 7-784 | -9731 | 4537 | 
—— peasiaees f — 
4 | 4-504 1-126 | 4537 ‘ 
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It will be noticed that the values for the first, second and third harmonics 
are not given in the results above. We have found that in the determination 
of velocity of sound in metals by the thickness vibrations of plates, it is 
preferable to use the higher harmonics rather than the fundamental and its 
second and third overtones. This observation is again similar to what has 
been observed by Cady (1946) and other investigators. 


The figures in aluminium, as well as brass, show that the variation from 
the mean value in any particular case does not exceed about 1%. This is 
within the limit of experimental error as the thickness itself is uniform to 
only that order. We have thus to conclude that the valocity of sound is 
independent of frequency as well as of thickness of plates for brass and 
aluminium in the region of 1 to 10 megacycles, provided thicknesses likely 
to give rise to boundary effects and such other complications are avoided. 


SUMMARY 


It has been experimentally shown, by applying the ultrasonic wedge 
method, that the sound velocity in brass and aluminium plates is independent 
of frequency in the range | to 10 megacycles. For obtaining this result un- 
ambiguously, one has to use plates of proper thicknesses and lateral dimen- 
sions and eliminate coupling and boundary effects. 
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